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Adult articular cartilage tissue has limited self-regenerative capacity due to its 
low cellular migration, avascularity and lack of progenitor cells. Current 
treatment has resulted in sub-optimum cartilage repair. Cartilage tissue 
engineering using stem cells to generate chondrocytes is becoming an 
expanding research field in recent years. However, the quality of cartilage 
generated from MSCs at present is inferior in its biochemical content and 
mechanical strength when compared to physiological cartilage. In addition, 
MSC-based cartilage tissue regeneration results in homogeneous cartilage 
tissue structures with little resemblance to the native zonal organization of 
articular cartilage. Provision of biomimetic microenvironment features, 
including biochemical and biophysical cues, have been shown to influence 
cell fate and function.  Biophysical cues such as surface topography and 
substrate stiffness have been reported to influence stem cell chondrogenic 
differentiation. This study aims to study the influence of surface nano-
topography on MSC chondrogenesis. To create spatially-controlled nano-
topographic patterns on the polymeric substrate, thermal imprinting 
technology was employed to directly imprint specific nano-topographic 









and the derivation of cartilage with zonal phenotype specificity. 
 
Methods 
 To understand the influence of substrate topography on MSC 
chondrogenesis, and the modulation of zonal chondrogenic phenotypes. 
 To study MSC chondrogenesis in 3D rolled-up nano-patterned 
scaffolds in vitro, and in vivo in a cartilage defect of rat. 
 To investigate the combined effect of substrate elasticity and surface 
topography on MSC chondrogenesis. 
 
Results 
This study showed that nano-topographical patterns triggered MSC 
morphology and cytoskeletal structure changes, cell aggregation and 
differentiation, and resulted in specific functional outcome. Compared to non-
patterned PCL surface, nano-pillar and nano-hole topography enhanced MSC 
chondrogenesis and facilitated hyaline middle/deep zone cartilage-like tissue 
formation. MSCs experienced delayed chondrogenesis on nano-grill 
topography and were induced to form fibro/superficial zone cartilage-like 
tissue formation. The nano-topographic-directed MSC differentiation in 2D 
PCL films was further enhanced in a 3D rolled-up scaffold that featured nano-
pillar and nano-grill surfaces. In vivo studies using the 3D PCL scaffold at the 
cartilage defect site indicated that a predominantly hyaline-like cartilage tissue 
was formed by implantation of the nano-pillar scaffold, compared to formation 
of fibrocartilage-like tissue with the nano-grill scaffold. Lastly, we also 





combinatory effect of nano-topography and material stiffness and further 
diversified and controlled the phenotype of MSC-derived cartilage. Hyaline 
cartilage with middle/deep zone cartilage characteristic could be derived on 
softer nano-pillar surface, and fibro-superficial zone cartilage on softer nano-
grill surface. Nano-pillar of stiff material induced a mixed 
hyaline/fibro/hypertrophic cartilage.  
 
Conclusion 
Taken together, our results demonstrated the significant potential of nano-
topographic cues, coupled with substrate stiffness, in guiding the 
differentiation of MSCs to cartilage of a specific phenotype. This information 
could contribute to future fabrication of scaffolds with microenvironments that 
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The management of traumatic or degenerative lesions of adult articular 
cartilage poses a significant clinical challenge.  Articular cartilage has a poor 
self-regenerative capacity due to its low cellular mitotic activity, low supply of 
progenitor cells and its avascularity. Although there have been attempts to 
use culture-expanded autologous articular chondrocytes for defective 
cartilage treatment, the limited proliferative capacity of the differentiated 
chondrocytes and de-differentiation of the chondrocytes after prolonged 
expansion ex-vivo post a major challenge in providing adequate cell numbers 
for viable cartilage repair [Peterson et al, 2010]. Effective strategy for cartilage 
repair is still a challenge currently.   
 
Cartilage tissue engineering using mesenchymal stem cells (MSCs) to 
generate chondrocytes is becoming an expanding research field in recent 
years as it offers a promising approach for cartilage repair. However, there 
remain challenges in using MSCs to repair cartilage, as cartilage generated 
from MSCs is inferior in its biochemical content and mechanical strength 
when compared to physiological cartilage [Klein et al, 2009; Huang et al, 
2010a, Huang et al, 2010b; Zscharnack et al, 2010; Steck et al, 2010]. In 
addition, MSC-based cartilage tissue regeneration results in homogeneous 
cartilage tissue structures with little resemblance to the native zonal 
organization of articular cartilage, differing in their cellular phenotype, 
extracellular matrix (ECM) composition and collagen fibril orientation [Pelttari 
et al, 2006; Dickhut et al, 2009]. Thus, a systematic exploration of the effect of 




Incorporation of biomimetic microenvironment features, including biochemical 
and biophysical cues have been shown to influence cell fate and function 
[Klein et al, 2009; Huang et al; 2010a, Huang et al, 2010b; Zscharnack et al, 
2010; Steck et al, 2010]. Biophysical cues such as surface topography and 
substrate stiffness has been reported to influence stem cell chondrogenic 
differentiation. Recent advances in nanofabrication techniques [ Li et al, 2007, 
Baker et al, 2010] have driven current research interests to explore how the 
topography of a surface, engineered in nanoscale features mimicking those in 
ECM, can be used to control cell behavior. Nano-topographic surface and its 
effect on MSC chondrogenesis have been previously reported, with varying 
results. A common limitation among these works is that the topography of 
interest was random and was not spatially-defined.  
 
In this study, the effect of specified nano-topographic pattern and substrate 
elasticity on human bone marrow MSC chondrogenic differentiation was 
investigated. Thermal imprinting technology was employed to create spatially-
controlled nano-topographic patterns on the polymeric substrates to study the 
effect of specific nano-topography on MSC chondrogenesis. Specific nano-
pillar, nano-grill and nano-hole were chosen to represent topographical cues 
represented by the cartilage collagen fibril orientation. In additional, different 
polymers with different mechanical properties were also introduced to 
investigate the combination effects of surface nanotopography and substrate 
stiffness to MSC chondrogensis. Influence on the induced MSCs’ morphology, 
cytoskeleton arrangement, proliferation and chondrogenic differentiation were 
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systematically investigated. Lastly, 3D structures with nanotopographic 
features were fabricated for testing MSC chondrogenesis under 3D 
environment in vitro and in vivo. 
 
Study hypothesis:  
Specific substrate nano-topographies can guide MSC chondrogenesis and the 
derivation of cartilage with zonal phenotype specificity.  
 
Study objectives: 
 To understand the influence of substrate topography on MSC 
chondrogenesis and the modulation of zonal chondrogenic 
phenotypes.To investigate the combined effect of substrate elasticity 
and surface topography on MSC chondrogenesis. 
 To validate the ability of distinct nano-topographic surface to direct 
MSC chondrogenic differentiation in 3D rolled-up nano-patterned 
scaffolds, and the effect of scaffold with nano-features in directing 
zonal cartilage formation in vivo, using a rat cartilage defect model. 
 
 
The goal of this study was to determine the effect of selected nano-
topographies, in combination of substrate stiffness, which could enhance 
neocartilage generation and contribute to the generation of zone specific 
cartilage.. Such studies could ultimately aid in improving the quality and 




Chapter 2:  Literature Review 
2.1  Cartilage structure and function: 
Cartilage is a connective tissue found in many parts of the body. The 
structure of cartilage is uniquely devoid of blood vessels and nerves.  
Cartilage composes of a single type of specialized cells, chondrocytes, 
which produce the large amount of extracellular matrix (ECM) rich in 
collagen fibers, proteoglycan macromolecules and elastic fibers [Poole 
et al, 2001]. There are 3 types of cartilage, hyaline cartilage, 
fibrocartilage and elastic cartilage, differing in the types of ECM 
components, and hence functionality [Pratt et al 2012]. Hyaline cartilage 
is the most abundant cartilage in the adult body, and is located in bronchi, 
bronchial tubes, coastal cartilage, larynx, nose, trachea and the articular 
surface of bones at the joints. 
The ECM of cartilage has been identified for many years. Aggrecan and 
type II collagen (Col II) are the most abundant molecules in articular 
cartilage, with other rarer collagens and molecules present, which play 
important roles in keeping the suitable osmotic property to maintain the 
water content and mechanical resistance of articular cartilage, and 
protect the chondrocytes from injures under normal usage. Apart from 
aggrecan, cartilage contains various proteoglycans essential for its 
normal function, such as decorin, biglycan, fibromodulin and lumican 
[Heinegard et al, 2009]. Other collagens include collagen III, VI, IX, X, XI, 
XII, and non-collagen molecules [Eyre et al, 2002], such as matrilins and 
cartilage oligomeric protein (COMP), all of which contribute to the 
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maturity of the matrix and functionality of the articular cartilage tissue. In 
addition, the ECM transfers the stimulation from outside to the 
chondrocyte through the signaling event by cell-matrix interaction 
receptors, and influence cell functions including the modulation of 
chondrocyte metabolism and maintenance of chondrocyte phenotype 
[Heijink et al, 2012; Silver et al., 2001; Kim et al, 2011, Shakibaei et al, 
2008, Vonwil et al, 2010].. 
Articular cartilage can be subdivided into four different zones, namely 
calcified area, deep zone, middle zone and superficial zone [Buckwalter 
et al, 1994; Mow et al, 1997]. The calcified area is close to subchondral 
bone which is partly mineralized. The deep zone is identified by the 
perpendicularly oriented collagen fibrils composed of aligned columnar 
chondrocytes. The middle zone has round shaped chondrocytes 
embedded in randomly oriented collagen fibrils, and the superficial zone 
consists of flattened cells, and has lower amount of proteoglycan with 
higher amount of collagen, arranged in a parallel direction to the 
cartilage surface (Figure 1, [Buckwalter et al, 1994]). Other than the 
histological difference, specific ECM molecules are found in different 
cartilage zones [Hayes et al, 2007]. In the superficial zone (10% of 
cartilage), the abundant molecules are collagen type II in mature tissue, 
and with some collagen type I in non-mature tissue, with lower GAG 
content [Treilleux et al, 1992; Huch et al, 2002]. The superficial zone is 
characterized by the presence of a specific marker, proteoglycan 4 
(PRG4), also known as lubricin, superficial zone protein (SZP), which 
functions as a lubricant for the joint [Jay et al, 2000].  The middle zone 
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(40%-60%) also consists of abundant collagen type II and aggrecan with 
specific molecules such as collagen type IX [Werner et al, 1986], 
cartilage intermediate layer protein (CILP) [Nakamura et al, 1999] and 
COMP [Hecht et al, 1995]. The deep zone (30%-40%) located above 
calcified cartilage consists of high aggrecan content and COMP and 
collagen type IX expression [Jeon et al, 2010]. 
 
Figure 1. Zonal structure of cartilage. The illustration shows the cell shape and collagen 
alignment, ECM components in the different cartilage zones, including superficial zone (SZ), 
middle zone (MZ), deep zone (DZ) and the calcified zone (CZ). Adapted from Hayes et al, 
2007. 
Unlike the traditional view of cartilage as a macroscopic tissue, recent 
research has shown that the micro-scale (zonal regions) and nano-scale 
(ECM macromolecules) arrangement (Figure 2，[Han et al, 201; George 
et al, 2003]) may both play important roles in the  understanding of the 







Figure 2. Nano-profile of ECM molecules and nano-structures of Matrix. AFM of (A) 
ECM molecule aggregate in cartilage matrix (Han Lin, 2011); (B) cartilage ECM nano-
scale architecture. (Book chapter: Advances in Microscopy-better imaging through 
technology, George Wolfe, 2003). 
 
The cartilage ECM is highly organized and has developed to include 
structural components for the support and transmission of loading 
experienced by the joints during motion. Articular cartilage is a highly 
hydrated tissue, containing 65% to 80% of water bound by the highly 
negative charged glycosaminoglycans (GAG) side chains of 
proteoglycan. This provides articular cartilage with an intrinsically high-
osmotic pressure, which is restrained by the stiff collagen fiber network 
of the ECM. The high-tensile strength and resilience of cartilage is the 
result of many covalent cross-links within the network of Col II fibers. 
The mechanical properties of articular cartilage display a depth-
dependent viscoelasticity [Hayes et al, 1971], according to the distinct 
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distribution and cross-linking of collagen fibers, and the concentration of 
PGs and GAGs. The superficial zone protects joint from tensile forces 
imparted by the parallel-oriented collagen to the articular surface, and 
the expression of lubricating molecules, PRG4 [Jay et al, 2000]. The 
middle zone provides increase compressive resilience and excellent 
resistance to shearing force owing to the rising water content entrapped 
by the high PG contents within the randomly distributed collagen fibrils. 
The deep zone, with its highest deposition of PGs and perpendicular 
collagen fibrils provides greatest resistance to compressive forces. In 
general, the compressive resilience correlates to the GAGs content, and 
the amount, organization and crosslinking of collagen fibers determine 
tension and shear modulus of cartilage [Kempson et al, 1970].  In 
addition, molecules, such as COMP, type IX and type XI collagen are 
implicated in matrix assembly, maturation, and enhanced mechanical 
properties of articular cartilage, by crosslinking collagen fibrils [Guo et al, 
2004; Kuroda et al, 2007], and regulate the anchorage and organisation 
of other matrix macromolecules such as proteoglycans [Lee et al, 2007; 
Eyre et al, 2004]. These zonal cartilage arrangement, with each zone 
having distinct fibril organisation and ECM composition, are essential for 
cartilage mechanical functions.  
 
2.2 Challenges in repair of cartilage defects 
Hyaline or articular cartilage has limited capability to heal by itself after 
trauma because of the lack of vascularity and poor migration of adult 
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chondrocytes [Curl et al, 1997]. The injury often leads to mechanical joint 
instability resulting in degenerative joint disease such as osteoarthritis. 
The current treatment (Table 1) of non-reparative techniques such as 
debridement [Rönn et al, 2011], chondral shaving, and joint lavage do 
not restore tissue properties or function (Siparsky et al, 2007) and only 
offer mere symptomatic benefits, such as pain relief and improved 
mobility [Hui et al, 2012].  Reparative approach, such as marrow 
stimulation technology [Bedi et al, 2010] including microfracture 
chondroplasty and subchondral drilling, involve surgical creation of 
multiple perforations that infiltrate the defect site with blood and 
mesenchymal stem cells from the bone marrow. These techniques yield 
fibrocartilage which has poor durability which progressive deteriorate in 
the long term [Hunziker et al, 2002].  
In progressive degeneration condition such as severe osteoarthritis, 
cartilage resurfacing or regeneration is not an option and only knee 
arthroplasty such as total knee replacement (TKR), will be available to 
the patient.  However, for younger patients and less severe lesions, 
clinical restoration approach to offer biological repaired of the cartilage 
lesion is preferred. 
Clinical restorative techniques include mosaicplasty and osteochondral 
grafting, involved the transfer of osteochondral auto/allo-grafts from non-
weight bearing regions (Gomoll et al, 2010; Hui et al, 2012), have the 
merits of shorter rehabilitation duration and improved repaired cartilage 
function in full thickness defects. However, these methods are only 
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applicable for small defects due to limitation of graft tissue availability, 
and have also resulted in imperfect lateral integration with host cartilage 
[Benthien et al, 2011; Khashan et al, 2010].   
Restorative approach using autologous chondrocyte implantation (ACI) 
as a cell therapy was introduced by Brittberg et al in 1994. ACI involves a 
2-stage surgery, where healthy cartilage is harvested via arthroscopy, 
cultured and expanded in the laboratory for 14 to 21 days. Thereafter, 
the cultured chondrocytes are injected into the cartilage lesion under a 
periosteal flap. Significant hyaline cartilage formation was reported in 
histological specimens of patients with long term good durability 
[Peterson et al, 2010]. There is however limitations to the use of ACI, 
including donor site morbidity, availability of healthy chondrocytes, low 
proliferative capacity of the isolated chondrocytes and loss of cellular 
functionality after prolonged expansion, limiting this approach to viable 
cartilage repair of a critical sized defect [Hui et al, 2012; Peterson et al, 
2010]. Varying success rates have been reported with ACI technique, but 
average long-term results have not been satisfactory [Kock et al., 2012; 











Table 1.  List of clinic treatment for cartilage defect 
Clinic treatment Advantages Limitation 
Microfracture Tissue formation in defect  Fibrocartilage formation 
Deterioration in long-term 
Applied for small size defect 
Osteochondral 
grafting  
Tissue formation in defect  Limit of graft tissue availability 
 Donor site morbidity 
 Poor tissue integration 
 Applied for small size defect 
Autologous 
chondrocyte 
implantation (ACI)  
 Hyaline cartilage 
formation in defect 
 Autologous 
 Limit of donor site 
 Donor site morbidity; 
Dedifferentiation of chondrocytes 
during expansion 
 Applied for small size defect 
MSC 
transplantation 
 Hyaline cartilage 
cartilage formation 
 Autologous 
 no Source limitation 
 No dedifferentiation 
 No donor size morbidity 
 Lack of subphenotypes 
 Inferior biochemical and 
mechanical properties 
 
The common limitations of the above mentioned clinical methods are a 
lack of implanted tissue or cell sources; therefore limit the application to 
small defect size, and the formation of fibrocartilaginous tissue, instead 
of functional hyaline tissue. This is a significant shortcoming as 
fibrocartilage has inferior mechanical and biological properties and 
therefore subjects the repaired tissue to degrade under long term 
physiological loading, resulting in progressive, permanent degradation of 
tissue structure of osteoarthritis development [Ahmed and Hincke, 2010]. 
These have led to the exploration of stem cell based approaches as an 
alternative cell source for the functional repair of articular cartilage tissue. 
 
2.3  Mesenchymal stem cells for cartilage repair 
Mesenchymal stem cells (MSCs) are progenitor cells that are found in 
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many tissues, including bone marrow [Castro-Malaspina et al, 1980], 
adipose tissue [Gimble et al, 2007], synovium [De Bar et al, 2001], 
skeletal muscle [Crisan et al, 2008], umbilical cord blood and Wharton’s 
jelly [Weiss et al, 2006]. MSCs are characterised by their colony forming 
ability, self-renewal, and their multi-linage differentiation ability to 
chondrogenic, osteogenic and adipogenic lineages. MSC’s high 
proliferative capability and ability to differentiate to chondrocytes make 
them an attractive cell substitute for chondrocytes in cell therapy, 
especially cartilage regeneration of larger defects [Caplan et al, 2007; 
Pelttari et al, 2008]. 
The approach of delivery of ex vivo culture-expanded MSCs for cartilage 
repair was first reported by Wakitani et al, in which a rabbit full-thickness 
cartilage defect was treated with bone marrow-derived MSCs delivered 
in collagen-sponge [Wakitani et al, 1994]. The transplanted stem cells 
were differentiated into chondrocytes and the defect was repaired with 
cartilaginous matrix. In vivo cartilage regeneration of rabbit full-thickness 
cartilage defects was also demonstrated with implantation of adipose 
[Dragoo et al, 2007] and synovium-derived [Lee et al, 2012] MSCs 
seeded in scaffolds. Favourable results from big animal studies [Guo et 
al, 2001; Lee et al, 2007] were followed by a number of clinical studies 
using autologous bone marrow-derived MSCs for the repair of cartilage 
defects.  Improvement in clinical symptoms with arthroscopic and 
histology results compared to control groups was reported, at least 6 
months post-operation [Kuroda et al, 2007; Wakitani et al, 2004; 
Wakitani et al, 2007; Centeno et al, 2008]. When comparing chondrocyte 
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implantation against MSCs, treatment of articular cartilage lesions with 
cultured bone marrow-derived MSCs was reported to be as effective as 
ACI in a clinical cohort study of 72 patients [Nejadnik et al, 2010], with 
better results for older patients in the MSC cohort. Hence, MSCs have 
been shown to be a viable cell-therapy option for cartilage repair. 
However, MSC-based cell therapy for cartilage repair still requires 
improvement as most studies has shown that regenerated cartilage from 
MSC-implantation being far from the normal cartilage phenotype, with 
inferior ECM content and mechanical strength when compared to 
physiological cartilage [Klein et al, 2009; Huang et al; 2010a, Huang et al, 
2010b; Zscharnack et al, 2010; Steck et al, 2010]. The low levels of ECM 
might stem from the mixed and unstable cartilage phenotype generated 
from MSC-derived chondrocytes, having the tendency to form 
fibrocartilage or prematurely hypertrophy cartilage [Pelttari et al, 2006; 
Dickhut et al, 2009]. In addition, stem cell-based cartilage tissue 
regeneration results in homogeneous cartilage tissue structures with little 
resemblance to the native zonal organization of articular cartilage, which 
further contributes to a mechanically weaker cartilage.  
Apart from optimising conditions to enhance ECM formation by stem 
cell-derived chondrocytes, and stabilizing the phenotype of the resulting 
cartilage, it is important for improving the functional outcome of tissue 
engineered articular cartilage that finding the optimized environment to 




2.4  Biomaterials and scaffolds for cartilage regeneration 
In tissue engineering, scaffolds have to provide suitable mechanical 
support to the implanted tissue, a favourable environment for cell 
attachment, migration and inductive properties for proliferation and 
differentiation. In addition, the scaffold should be biocompatible, non-
toxic, and capable of integration with the host tissue and undergo 
degradation or absorption at a rate that is reciprocal to neo tissue 
formation. This section gives an overview of the scaffold materials and 
structures that has been explored and used in cartilage tissue 
engineering research. 
 
2.4.1 Scaffold material  
For cartilage engineering, a plethora of biomaterials have been used to 
form scaffolds of a variety of structures based on the material 
compositions and processing techniques. Scaffold materials can be 
subdivided into natural polymer- or protein-based materials, and 
synthetic polymers (Table 2). Natural polymers include polysaccharides 
such as agarose, alginate, fibrin, chitosan and hyaluronic acid (HA) and 
protein-based materials such as collagen, gelatin, fibrin and silk. Natural 
biomaterials have good biocompatibility and bioactive properties but 
suffer from poor mechanical properties for implantation and handling, 
and high degradation rate [Raghunath et al, 2007]. Synthesised 
biodegradable polymers of polyesters such as polyglycolic acid (PGA), 
polylactic acid(PLA), polycaprolactones (PCL), poly(ethylene glycol) 
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(PEG),and combinative derivatives can provide the important 
mechanical requirement for cartilage tissue, controllable degradation 
rate and high reproducibility. These artificial polymeric materials however 
lack bioactive cellular signalling molecules [Ahmed, 2010]. 
 
Table 2. Materials that have been used in cartilage engineering efforts 
in either clinical or research settings 
Materials  References 
natural polymer Fibrin Pretti, 2006 
 Collagen Hunter, 2002 
 Chondroitin Sulfate Erggelet, 2007 
 Alginate Yoon, 2009 
 Silk Silva, 2008 
 Chitosan Hao, 2009 
 Hyaluronic acid Sharma, 2007 
 Cellulose Vinatier, 2009 
 Gelatin Hu, 2009 
Synthetic polymer PLA Zeltinger, 2001 
 PGA Erggelet, 2007 
 PLA-co-PGA Mercier, 2005 
 PEO Elisseeff, 2000 
 PEG Bryant, 2005 
 PU Lee, 2005 
 PHB Wang, 2009 
 PET Barbucci, 2005 
PLA:Poly-lactide; PGA: poly-glycolic acid; PEO: Poly-ethylene oxide; PEG: Poly-ethylene-glyco; 




2.4.2 Scaffold structure 
    Porous scaffolds 
A 3D scaffold is useful to promote chondrogenesis. The fabrication 
methodology is dependent on the properties of the biomaterial. The main 
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factors involved in scaffold design are pore size, porosity, degradation 
rate, mechanical properties, biocompatibility and reproducibility.  The 
biomaterial structure controls how a cell interacts with the material and is 
important in stem cell fate decisions since the presentation of cues and 
cellular morphology are dependent on this structure. Structurally, 
scaffolds can be classified as hydrogels, fibrous scaffolds and 
macroporous scaffolds [Marklein et al, 2010; Ahmed et al, 2010].   
Hydrogels  
Hydrogels are comprised of insoluble networks of cross-linked polymers 
with high water content (>90%). Hydrogels are advantageous for cell 
encapsulation due to the high water content and diversity in chemistry 
and properties that can be manipulated. Cells can be encapsulated in 
hydrogels through various means including self-assembly, ionic 
crosslinking, and radical polymerizations [Spiller et al, 2011]. It is 
important to consider the viability of cells during the encapsulation 
process and subsequent culture period, including the diffusion of 
nutrients and wastes. Comparatively weak mechanical properties of 
hydrogels from natural materials pose difficulty in their handling and 
limits application in vivo [Bryant et al, 2002].  To improve the mechanical 
properties of hydrogels, varying parameters such as polymer 
composition and crosslinking density have yielded stronger hydrogels 
from natural polymer, hyaluronan [Kim et al, 2011], and synthetic 
polymers such as poly(ethylene glycol) (PEG) and poly(vinyl alcohol) 
(PVA). However, the nature of hydrogel scaffolds does not entirely mimic 
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the structure of native ECM. The cross-linked polymer network does not 
possess a fibrillar architecture that is prevalent in cartilage ECM 
components. 
 
2.5  Strategy for zonal cartilage regeneration 
Currently, there are some strategies to form zonal cartilage, although 
each has its own shortcomings. 
2.5.1 Use of chondrocytes derived from zonal cartilage 
Firstly, zonal chondrocyte isolation and expansion to generate the 
different zonal cartilage has been introduced to cartilage tissue 
engineering. Specific zonal cartilage tissues can be isolated using 
dissection directly [Coates et al, 2012], or using abrasion techniques with 
surgical blades [Darling et al, 2005]. However chondrocytes isolated by 
these methods were not of a single phenotype. To obtain highly pure 
zonal chondrocytes is a great challenge. Currently some markers have 
been used to isolate the pure zonal cells by fluorescence-activated cell 
sorter (FACS) based on higher level of α53 integrin [Woods et al, 1994] 
and high cell-surface keratan sulfate expression in deep zone cartilage 
[Zanetti et al, 1985]. Separation based on the cell size and cell volume 
has also been reported [Hunziker et al, 2002]. The greatest challenge in 
using zonal specific chondrocytes isolated from cartilage in clinical 
application is the availability of tissues. In addition, the necessary 
expansion will inevitably cause dedifferentiation of cells, which will curtail 
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the functionality of the expanded chondrocytes and induce loss of the 
desired phenotypic characteristics [Darling et al, 2005]. 
 
2.5.2 Mechanical stimulation 
The maturation of cartilage in young animals to that of zonally defined 
cartilage in mature animals is related to load-bearing function of cartilage 
[Rieppo et al, 2009].  As biomechanical loading is critical for native 
cartilage ECM synthesis and remodeling [Brama et al, 2009], mechanical 
stimulation has been explored to enhance ECM formation [Grad et al, 
2011] and influence zonal chondrocytes development. Mechanical forces 
have been studied to stimulate change of chondrocyte and MSC-derived 
ECM synthesis [Shieh et al, 2003; Wescoe et al, 2008].  Different types 
of force have also been investigated, including  compression [Bonassar 
et al, 2001; Hunter et al, 2002; Takahashi et al,1998], shear [Davisson et 
al, 2002; Frank et al, 2000], tension and hydrostatic pressure. Table 3 
summarises the publications employing mechanical stimulation for 
cartilage generation. Compression was shown to induce MSC 
chondrogenesis as effectively as TGF-1 [Huang et al, 2004] and the 
subsequent study showed that similar pathway which involved in the 
MSC chondrogenesis by compression stimulation and the use of the 
growth factor.  Studies involving shear force showed that the shearing 
force can further enhance collagen type II and GAGs expression [Huang 
et al, 2012]. Dynamic shear stimulation was reported to increase PRG4 




Table 3. Effects of Mechanical stimulation for zonal cartilage 
Force type Results Reference 
Static Compression      :IL-1ß    :Sox 9 Darling, 2003; Hunter, 2002; 
Takahashi, 1998 
Dynamic Compression 
:Collagen II mRNA   :Sox 9 
Mauck, 2006; Campbell, 
2006 
Tension :Matrix deposition De Witt,1984; Simmons, 
2003 
Hydrostatic pressure 
: aggrecan Col II, Sox 9 
Parkkinen, 1993; Davisson, 
2002 
Strain-induced shear      : PG and Col II Waldman, 2003; Jin, 2001 
Fluid induce shear UGAG and Col2 Kim,1995; Martin, 2000 
:     up-regulation;    : down-regulation 
2.5.3 Design of biomimetic scaffolds 
Increasing efforts has been spent on the derivation of zonal specific 
chondrocytes from stem cells. Recent scaffold designs attempt to 
combine the advantage of different types of biomaterials to provide high 
mechanical modulus, easy reproducible production and delivery of stem 
cells and bioactive growth factors [Marklein et al, 2010]. As stem cells will 
be interfaced with the biomaterial substrate, provision of 
microenvironmental cues are particularly important for tissue engineering, 
to impact on stem cell fate decision and actively instruct tissue formation 
in vivo. Design of the material microenvironment, by engineering 
signalling molecules or physical features to include biochemical and/or 
biophysical cues to manipulate stem cell responses has been an active 




2.5.3.1  Provision of bioactive factors 
For MSCs to generate a stable hyaline rich cartilage in vivo, it is likely to 
require the efficient delivery of bioactive factors at a suitable level and at 
appropriate times to stimulate MSCs toward chondrogenesis, and to 
maintain the cartilage phenotype from the tendency towards ossification 
and fibrogenesis.  Provision of biochemical cues can be in the form of 
delivery of bioactive factors. Candidate bioactive factors include growth 
factors such as members of the transforming growth factor (TGF)- 
superfamily, bone morphogenetic proteins (BMPs), growth differentiation 
factors (GDFs), insulin-like growth factors (IGFs), Wnt proteins and 
fibroblast growth factors (FGFs) [Vinatier et al, 2009]. Development of 
specifically tailored scaffolds to temporarily and spatially provide and 
control the bioavailability of growth factors for the induction of tissue 
generation is of crucial importance [Madry et al, 2013]. Bio-active factors 
can either be directly delivered as a protein with the controlled 
degradation of biodegradable carriers [Defail et al, 2006; Bouffi et al, 
2010] or the design of affinity binding scaffolds [Park et al, 2008; Bian et 
al, 2011; Re'em et al, 2011]. Bioactive factors can also be delivered by 
transfer of candidate genes for the production of the biological factors at 
the site of application [Steinert et al, 2008].The combination of 
biomimetic and multi-phasic scaffold design could also provide multi-
tissue regeneration from a single stem cell population. With the 
formulation of a bilayered gene-activated osteochondral scaffold 
consisting of TGF1-activated chitosan-gelatin scaffold for the 
chondrogenic layer and BMP2-activated osteo-inductive 
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hydroxyapatite/chitosan-gelatin scaffold for the osteogenic layer, Chen et 
al was able to achieve the simultaneous regeneration of articular 
cartilage and subchondral bone in a rabbit knee osteochondral defect 
model [Chen et al, 2011]. 
 
2.5.3.2  Effect of biochemical cues 
Incorporation of biomimetic information by coupling biochemical 
molecules to the scaffold surface can provide adhesive cues that impact 
on cell-matrix and cell-cell interaction which can dramatically alter the 
differentiation outcomes of MSC (Table 4). Coating with chondroitin 
sulfate (CS), a major glycoaminoglycans (sGAG) found in cartilage, or 
collagen type II, resulted in enhancement of cartilage specific matrix 
production compared to controlwith a significant down-regulation of 
chondrocyte hypertrophy [Wu et al, 2007, Varghese et al, 2008]. Coating 
biomaterials with collagen type II has been shown to both maintain and 
induce the chondrogenic phenotype [Bosnakovski et al, 2006; Wu et al, 
2007; Hwang et al 2011].  Incorporation of collagen mimetic peptide can 
result in increase of chondrogenic differentiation of MSC [Lee et al,  
2008; Liu et al, 2010] while having lower level of hypertrophic 
development [Lee et al, 2008].  The importance of cell-cell interaction in 
MSC-based cartilage tissue development was demonstrated by the 
functionalization of a hyaluronic acid hydrogel with conjugation of N-
cadherin mimetic peptides; N-cadherin being widely accepted to be the 
key factor in directing cell–cell interactions during mesenchymal 
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condensation [DeLise et al, 2000], resulted in promoting both early 
chondrogenesis of MSCs and cartilage-specific matrix production within 
the hydrogel construct [Bian et al, 2013]. Another approach, by simply 
altering collagen gradient in the scaffold, MSCs can be effectively 
recruited to the centre of full-thickness cartilage defect and enhance 
regeneration of the full-thickness cartilage defect [Mimura et al, 2008]. 
Matrix metalloproteinase (MMPs) are proteolytic enzymes that are 
secreted by cells to degrade and remodel the ECM, have been 
incorporated into scaffold design, especially that of non-degradable 
synthetic scaffold, to facilitate the distribution of deposited collagenous 
matrix and increase dynamic compressive modulus [Nguyen et al, 2011; 
Bahney et al, 2013]. 
Table 4. Scaffolds with different biologically active signal factors 
Scaffold system Elicited effect 
Alginate microbead with CS  Enhance MSC chondrogenesis 
 Inhibit hypertrophy 
PEG hydrogel with CS  down-regulate PRG4 and Col1 
Alginate microbead with collagen II  Enhance MSC chondrogenesis 
Collagen hydrogel  Enhance MSC chondrogenesis 
Alginate with HA  Enhance MSC chondrogenesis 
 Inhibit hypertrophy 
 down-regulate PRG4 and Col1 
collagen-HA scaffold  Enhance MSC chondrogenesis; 
HA hydrogel with RGD peptide  Low density RGD enhances MSC 
chondrogenesis 
 
2.5.3.3  Effect of mechanical cues 
Physical cues influence cell attachment, morphology and the 
cytoskeleton network, imparting biomechanical cues that regulate the 
transcription of genes governing cell growth and differentiation [Engler et 
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al, 2006]. Mechanical compatibility of scaffolding materials with native 
cartilage at macroscopic and microscopic levels is critical for cartilage 
regeneration. Matrix stiffness regulates MSC differentiation toward 
specific cell fate when grown on substrates that are akin to the native 
stiffness of their respective tissues [Englar et al, 2006]. Matrix elasticity 
affects the chondrogenic phenotype of chondrocytes [Schuh et al, 2010]. 
Development of HA gel scaffolds with tunable mechanical properties has 
allowed researchers to identify the lower cross-linked matrix (Young’s 
modulus at ~3-6 kPa) to favour hyaline cartilage formation [Toh et al, 
2012; Bian et al, 2013], while a shift in MSC differentiation toward the 
formation of fibrocartilage and fibrous tissues [Toh et al, 2012], or 
induction of tissue calcification [Bian et al, 2013] was effected by 
increasing cross-linking and matrix stiffness. 
Apart from the microscopic mechanical microenvironment surrounding 
the cells, external mechanical stimulation is also critical for in vitro 
chondrogenesis as well as functional cartilage regeneration in adults 
through up-regulation of genes and activation of signalling pathways 
(Section 2.5.2).  Scaffold design should also take into account the 
dynamic loading condition in which an orthotopic joint will be subjected 
to. Mechanically compatible scaffold material to that of native cartilage is 
critical for functional development of the neocartilage.  A 3D woven poly-
glycolic acid structure fabricated with mechanical properties similar to 
native cartilage has been developed [Moutos et al, 2007]. Elastomeric 
scaffolds such as poly 1, 8-octanediol citrate (POC) [Kang, et al, 2006] 
and poly-(L-lactide-co-ε-caprolactone) [Xie et al, 2010; Yang et al, 2012] 
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that could deliver mechanical stimulation to cells or tissues has also 
been developed to promote cartilage formation under dynamic 
compressive conditions. 
 
2.5.3.4 Effect of topographical cues 
Apart from substrate stiffness, physical cues in the form of topographical 
variation also affects cellular behavior, and has evoked deep interest 
among scientists.  
 
2.5.3.4.1 Nano-engineering techniques 
Nanotechnology refers to a length scale of 1–100 nm, and upward to the 
submicrometer range. In vivo substratum with nanoscale topography is 
of complex mixture of pores, ridges, and fibers, which have sizes in the 
nanometer range.  Researchers have been attempting to understand the 
cell–substrate interaction by reproducing the substratum topography for 
in vitro studies.  The advancements in micro- and nano-fabrication 
technology enable the studies of cellular response to micro- and nano-
features with a wide range of materials and topographies. 
Nanofabrication techniques that are commonly used in studies involving 
cellular response and stem cell niche reconstruction can general be 
divided into two categories of fabrication, that of random features and 




Nanofabrication techniques for random features such as self-assemble 
nanofibers, polymer demixing, colloidal lithography are relatively simpler 
and less costly. A versatile technique of producing nanostructures for cell 
culture applications is electrospinning [Frenot et al, 2003; Matthews et al, 
2002], in which fibers are spin-up by passing polymer solution through a 
capillary charged to a high electrical potential. Resulting fibres are of 
diameters ranging from several nanometers to micrometers. Randomly 
oriented or aligned fibers can be collected on either a stationary or a 
rotating collector.  
Most nanofabrication techniques for ordered features depend on optical 
lithography and mechanical lithographies comprehensively [Yang et al, 
2010; Toe et al, 2010].  are capable of generating precise and highly 
ordered features. However, the fabrication process can be both 
expensive and complex. Nano-imprint lithography is a versatile 
mechanical lithography process, in which a polymer substrate will be 
imprinted with a patterned hard mold, such as a pre-patterned SiO2 mold, 
allowing fabrication of pattern features with a lateral resolution of <10 nm 
[Chou et al, 1996]. This technique offers the advantages of low cost, 
ease of scaling up and versatility of material choice. 
 
2.5.3.4.2 Effect of topography to stem cell response and multi-lineage 
differentiation  
The surface topography of scaffold can induce changes in cell adhesion, 
proliferation, migration and differentiation comprehensively [Yang et al, 
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2010; Toe et al, 2010]. In the last decade, a variety of micro or nano-
scale patterns such as grooves, ridges, pillars, holes and fibers, have 
been used to investigate cellular responses for various cell types 
including fibroblasts, osteoblasts, macrophages, endothelial cells, 
smooth muscle cells, epithelial cells, and embryonic stem cells [Dalby et 
al, 2007; Dalby  et al, 2003; Flemming et al, 1999; Tan et al, 2002; 
Teixeira et al, 2003; Uttayarat et al, 2005; Yim et al, 2010; Baker et al, 
2010; Murray et al, 2004]. These studies showed that interaction of cell 
with topographies can be employed to manipulate cell morphology 
[Dalby et al, 2002a], adhesion [Gallagher et al, 2002], motility [Berry et al, 
2004], proliferation [Dalby et al, 2002b], endocytotic activity [Dalby et al, 
2004], protein abundance [Kantawong et al, 2002] and gene regulation 
[Dalby et al, 2004]. 
MSC are highly sensitive to surface topography. Topography not only 
affects MSC morphology and distribution, it also induces the 
topographical signals to influence differentiation of MSC into certain 
desired phenotypes. Silk-tropoelastin scaffolds containing micro or nano-
scale surface patterns for MSC osteogensis showed that high surface 
roughness enhanced the proliferation and osteogenic differentiation of 
MSC as compared to low surface roughness [Hu et al, 2011]. 
Independent studies showed grooves and grids by different substrate 
materials can induce cells alignment and elongation, as well as to show 
a greater effect on osteogenic differentiation in MSC compared to flat 
surface [Martino et al, 2009; Martinez et al, 2009; Engel et al, 2009]. 
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MSC osteogenesis was enhanced by nano-pillar of SiO2 with the cell 
morphology modulation in non-osteogenic medium [Fiedler et al, 2013]. 
Myogenic commitment of MSC in the absence of differentiating medium 
has been observed in aligned and non-aligned nanofibrous scaffold 
composed of thermally responsive hydroxybutyl chitosan [Dang et al, 
2007]. MSC were found to have larger increase in cellular alignment and 
elongation as well as a higher level of myogenic genes' expression on 
uniaxial-stretched films compared to un-stretched films [Wang et al, 
2013].  
Neuronal commitment was observed in vitro on poly(L-lactic acid)-co-
poly-(3-caprolactone)/collagen nano-fibrous scaffolds using neural 
induction factors [Prabhakaran et al, 2009]. The dimension of 
topographical features alone may influence MSC differentiation. Nano-
gratings (350 nm width) compared to unpatterned and micropatterned 
controls up-regulated neuronal markers of MSC even in the absence of 
biochemical cue retinoic acid [Yim et al, 2007].  
Human MSCs seeded on 350 nm gratings of tissue-culture polystyrene 
(TCPS) and polydimethylsiloxane (PDMS) suggested that both 
nanotopography and substrate stiffness could be important in 
determining mechanical properties, however nano-topography alone 
may be more dominant in determining the cytoskeleton organization and 
focal adhesions [Yim et al, 2010]. The results of MSC on nano-grating 
(350nm) suggested that Zyxin expression is down-regulated on nano-
gratings, leading to smaller and more dynamic focal adhesion as well as 
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faster and more directional migration, demonstrating that 
nanotopography decreases the mechanical forces acting on focal 
adhesions in MSC [Kulangara et al, 2012].  
 
2.5.3.4.3 Topography and MSC Chondrogenesis 
It was recently reported that micro/nanotopographic cues can drive 
MSCs differentiation to chondrogenic, osteogenic, adipogenic, myogenic 
and neuronal lineage, even in the absence of differentiation supplements. 
The use of topographically patterned substrates is particularly attractive 
and advantageous over the use of defined media as it allows for the 
development of an improved system for clinical application that can 
modulate stem cell fate without the use of complex chemical stimulators 
in human body. 
In recent years, attempts in this direction have been made for cartilage 
tissue engineering. Nanohydroxyapatite-reinforced polyvinyl alcohol gel 
has been tested for chondrogenesis and form ECM with similar 
mechanical strength of native cartilage [Pan et al, 2008]. Numerous 
forms of nano-spun fibers have been introduced to study the nano-
topographies for MSC chondrogenesis (Table 5). Surface modification 
methods provide the strategy to combine the nano-features into 
scaffolds and enhance the cartilage regeneration, by conjugating nano-
hydroxyapatite on to PLGA scaffolds to study the chondrogensis in vitro 
and in vivo. PCL nanofibrous scaffold (diameter ranging from 500 to 900 
nm) with random orientation was reported to support MSC chondrogenic 
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differentiation as efficiently as high density pellet culture [Li et al, 2007].  
However, hyaline cartilage matrix production by MSCs was dramatically 
hindered on PCL nanofibrous scaffold of aligned topography, with 
upregulation of the fibrochondrogenesis matrix [Baker et al, 2010].  
 
Table 5. Nano-fiber in cartilage tissue engineering 
Type of nano-fiber Example References 
Single polymer nano-
fiber 
PLGA polymer Kock, 2012 
Multi polymer nano-
fiber 
PVA/PCL Shafiee, 2011 
Nano-fiber combined 
with cells 









Among these works the limitation is that the topography was random and 
without accurate spatial parameter. To understand the influence of 
topographies for MSC chondrogenesis, it is essential that the 
topographies to be accurately defined; especially for the study of 
topographical effect towards zonal cartilage derivation. To date, nano-
topography features with controllable spatial parameters have not been 
investigated for zonal cartilage formation from MSC.   
In summary, zonal cartilage regeneration, which is critical for the 
mechanical function of repaired cartilage, is still a challenge in tissue 
engineering. Provision of cellular with appropriate microenvironments 
including biochemical, topographical and mechanical stimulation would 
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be facilitative to zonal cartilage formation. The effects of topographies, 
for MSC differentiation have been studied in multi-potential differentiation, 
which showed that topographical cue is one of the factors to direct MSC 
chondrogenesis. However, controllable spatial nano-topographies have 
not been fabricated and studied for MSC chondrogenesis, especially for 
the directive differentiation of MSC to zone specific chondrocytes.   
 
In this study, thermal imprinting technology was employed to create 
spatially-controlled nano-topographic patterns on the polymeric 
substrates to study the effect of specific nano-topography on MSC 
chondrogenesis. Specific nano-topographies were chosen to represent 
topographical cues presented by the cartilage collagen fibril orientation. 
In additional, polymers with different mechanical properties were also 
introduced to investigate the combination effects of surface nano-
topography and substrate stiffness to MSC chondrogensis. Influence on 
the induced MSCs’ morphology, cytoskeleton arrangement, proliferation 
and chondrogenic differentiation were systematically investigated. Lastly, 
3D structures with nanotopographic features were fabricated for testing 
MSC chondrogenesis under 3D environment in vitro and in vivo. 
 
Hypothesis:  
Specific substrate nano-topographies can guide MSC chondrogenesis 




 To understand the influence of substrate topography on MSC 
chondrogenesis, and the modulation of zonal chondrogenic 
phenotypes. 
 To investigate the combined effect of substrate elasticity and surface 
topography on MSC chondrogenesis. 
 To validate the ability of distinct nano-topographic surface to direct 
MSC chondrogenic differentiation in 3D rolled-up nano-patterned 
scaffolds, and the effect of scaffold with nano-features in directing 
zonal cartilage formation in vivo, using a rat cartilage defect model. 
The goal of this study was to determine the effect of selected nano-
topographies, in combination of substrate stiffness, which could enhance 
neocartilage generation and contribute to the generation of zone specific 
cartilage. Such studies could ultimately aid in improving the quality and 











Chapter 3:  Materials and Methods 
 
 
3.1 Part 1: Material fabrication, modification and characterization 
Specific nanotopographies are fabricated using nanoimprinting. The 
nano features was directly patterned on the polyester films via 
nanoimprinting, creating distinct nano-patterned surfaces (Figure 3). 
Three distinct nano-patterns, namely, nano-grill, nano-hole and nano-
pillar were chosen to represent the topographical cues presented by the 
cartilage collagen fibril orientation. Roughly, nano-grill represents the 
parallel collagen fibers of the superficial and deep zone cartilage, nano-
hole represents the pore formed by the randomly oriented collagen fibers 
and nano-pillar represents the intersecting point of the random collagen 
fibers. Chondroitin Sulfate (CS) was immobilized on these surfaces to 
provide a chondro-inductive biochemical cue [Wu et al, 2007]. Three 
types of polyester, PCL, PLA and PGA, were chosen to provide polymer 
films of variable stiffness. The surface hydrophilicity, mechanical 
properties, and degradation rate of the nano-patterned films were 
anaylsed. 
 
3.1.1 Polymeric film preparations 
3.1.1.1  Heat pressure method 
PCL film was prepared by modified thermo-pressure method. Briefly, 
PCL beads were heat-pressed at 80C, 500 bar for 12 hours in argon 
environment, followed by cooling down to room temperature overnight. 
The PCL film thickness is 55 15 µm. 
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3.1.1.2  Casting method 
PCL and PLA were dissolved in dichloromethane at concentration 7.5 
mg/ml, while PGA was dissolved in hexafluoroisopropanol (HFIP) at 
concentration 7.5 mg/ml. 10ml solutions were filled into casting cartridge 
and the casting slot was adjust to 1.05 mm. The solutions were casted 
on the cleaned glass surface and left in fume hood with cover for 72 
hours. The films were dissociated from the glass surface and kept in 
desecrator for next experiment.  All film thickness is defined by the 
height of the casting nozzle, which are 67 15 µm. 
 
3.1.2 Nano-patterning of polymeric films via nano-imprinting  
All the nano-imprinting was performed by collaborators at The Institute 
of Materials Research and Engineering (IMRE), according to our 
requested nano-pattern specification. 
Silicon molds, comprising of three different types of the inverse nano-
features: (1) nano-grill : 250 nm line, 250 nm space and 150 nm height; 
(2) nano-hole : 250 nm diameter pillar, 500 nm pitch and 250 nm height; 
(3) nano-pillar : 225 nm diameter hole, 400 nm pitch and 300 nm height; 
were used in this study. The silicon molds, commercially purchased 
(nano-grill, nano-hole: Institute of Microelectronics; nano-pillar: NIL 
Technology) were fabricated by standard microelectronics processing. 
The molds were cleaned by sonication in acetone and isopropanol (IPA), 
followed by oxygen plasma (80W, 250mTorr) for 3 min.  Next, the molds 
were silanized with an anti-stiction monolayer (FDTS, (1H,1H,2H,2H)-
perfluorodecyltrichlorosilane) using a Self-Assembled Monolayer Coater 
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(AVC, Sorona), rinsed with chloroform to get rid of physisorbed FDTS on 
the mold, rinsed with acetone, IPA and blow dry.  The silanization 
treatment was used to reduce the surface energy of the molds to 
facilitate easy demolding of the mold from the polymers. Thermal 
nanoimprinting (Obducat AB Nanoimprinter) was employed to directly 
pattern the polymeric films with the desired nano-topographies (Figure 
3). In brief, the silicon mold with the inverse of the desired nanopattern 
was placed in direct contact with the polymeric films at an imprinting 
temperature of 80C for PCL, and 120C for PLA or PGA, at a pressure 
of 60 bar, for a duration of 5 min. Following this, the temperature of the 
system was cooled down to 25C and demolding was performed at this 
temperature. The polymeric films were thus directly impregnated with the 
desired nanofeature from the silicon mold. The imprinted polymeric films 
were of 1cm x 1cm in size for the subsequent cell seeding and 
experiments.   
  
 






3.1.3 Scanning electron microscopic analysis of the nano-patterned  
  polymeric films 
The morphology of both the pristine polymeric film and the nano-
topographic film were examined by using a scanning electron 
microscope (SEM) (JEOL 5600). The surfaces of the film were sputter-
coated with ~20 nm gold film to prevent charging of the polymer film to 
facilitate better SEM imaging. 
 
3.1.4 Chondroitin sulfate (CS) immobilization  
The CS immobilization was modified from reported publication [Chang et 
al, 2010]. The different nano-patterned PCL films were incubated in 20% 
1,6-diaminohexane/ethanol solution for 15 min and the films were 
washed by PBS 3 time, 30 min each. The aminolyzed PCL films were 
treated with a carbodiimide solution (48 mM EDC and 6 mM NHS in 50 
mM MES buffer, pH=5.5) and 10% CS MES solutions for 8 h at room 
temperature then washed with PBS to obtain the chondroitin sulfate 
immobilized PCL films. The thickness of different polymeric films did not 
change significantly.  
 
3.1.5 Measurement of the immobilized chondroitin sulfate   
To analysis the saturated CS conjugation, the CS immobilized amounts 
were measured using Blyscan sulfated glycosaminoglycan assay kit 
(Biocolor Ltd, Newtownabbey, Ireland) following the manufacturer’s 
protocol. Briefly, the different CS-coated nano-patterned films were 
immersed in 250 μl Blyscan dye and placed on a mechanical shaker for 
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2 h. The films with Blyscan dye bound were washed by PBS three times. 
Unbound dye was removed completely and 600 μl dissociation reagents 
were used to cover the film for 1 h to release bound dye. The 
absorbance of re-dissolved dye was measured in 96-well plates using 
FLUOstar Optima plate reader at absorbance wavelength of 656 nm. 
The standard curve of CS was generated from CS standard solution. 
 
3.1.6 Polymeric material surface mechanical properties characterization 
To investigate the stiffness of the nanotopographic polymeric film, a 
Nanoscope IV multimode AFM with a picoforce scanner (Digital 
Instruments Inc., USA) was used to carry out the experiments [Jurvelin, 
1996]. A modified silicon nitride AFM cantilever (NovaScan, USA) having 
a spring constant of 0.01 N/m with a 4.5 um diameter polystyrene bead 
tip was used to indent the cells. During the experiment, different 
polymeric films were stuck on a glass coverslip before mounting on the 
AFM stage (Digital Instruments Inc., USA) at room temperature (Figure 
4).  
The indentation was carried out on the polymeric surfaces using a 4.5 
μm diameter bead attached to an AFM cantilever. Ten locations on each 
film were tested to calculate surface modulus. The relationship between 
the indentation depth and the deflection of the cantilever is illustrated in 
Figure 4. Once the contact point has been identified, the deflection-z 
position curve is converted to a plot of cantilever deflection against 
indentation depth, which can then be used to derive the apparent elastic 
modulus using the hertz’s model. In this model, the apparent elastic 
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modulus, E, can be obtained using the following formula:  
 
 Where E is the apparent elastic modulus to be determined, v is the 
poisson’s ratio, R is the radius of the spherical bead, D is the indentation 
depth, H is the cantilever deflection and k is the spring constant of the 
cantilever. The cell was assumed as rubber-like material and elastic 
deformation during compression test, so a Poisson’s ratio of 0.5 was 
used [Jurvelin, 1996]. 
 
Figure 4. Nano-indenter for surface mechanical stiffness testing  
 
3.1.7 Surface wettability characterization 
The hydrophilicity of polymeric surfaces, which affect the cell adhesion 
and migration, was determined by water contact angle measurement. 
Polymeric films were fabricated, and the water contact angles of each 
type of pristine and nano-patterned polymeric films (n=4 per group) were 
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determined by a sessile drop method at room temperature by using a 
Water Contact Angle Locator (SL-200B; Solon information technology 
Co., Ltd.). A 0.5 mL droplet of water was placed on the surface of the 




3.1.8 Fabrication of 3D micro/nano- rolled-up construct 
To investigate the ability of the 3D nano-patterned construct to support 
cartilage formation, the 2D polymeric film was rolled-up to form the 3D 
constructs. Nano-patterned PCL films with either nano-pillar or nano-grill 
topographies, conjugated with chondroitin sulfate, were seeded with 
MSC and cultured in MSC expansion medium for 24 hours. After which, 
a thin stainless steel rod (200µm in diameter) was used as core to roll up 
the film for up to 10 rounds, resulting with a construct with estimate 
diameter of around 1.5 mm. The rolled-up 3D constructs were secured 
by TISSUE fibrin glue. The constructs were cultured in chondrogenic 
medium for 4 to 6 weeks in vitro, or for 3 weeks before implanted into the 





Figure 5. Schematic diagram of the preparation of MSC-laden 3D nano/micro-
constructs for in vitro chondrogenic differentiation and in vivo osteochondral repair 
study. The dimension of the film/scaffold is not drawn to the exact scale.  
 
3.1.9 Degradation characterization of the polymeric constructs 
Polymeric constructs (n=5 constructs per group) were placed in the 
expansion culture medium in 24 well plates at 37°C. The medium was 
replaced every third day. At 3, 5, 7, 14, 21, 28, 35, 42, 56 and 78 days, 
polymeric constructs were taken from the solutions and washed with 
distilled water to remove expansion medium. The polymeric constructs 
were dried in air. The percentage weight loss (%WL) of scaffolds were 
calculated as %WL= [(Wi-Wf)/ Wi] x100%, where Wi is the initial dry 
weight of scaffold, and Wf is the weight of the dry scaffold after 
incubation in the expansion medium.  
Samples were processed as subcutaneous implantation for in vivo 
polymeric degradation study (n=3). Samples were harvested at week 2 
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and week 6 and measured by Gel Permeation Chromatography (GPC) 
(Agilent 1260 GPC/SEC system, column: PLgel MIXED LS, detector: 
viscometry) to investigate the change of average of molecule weight. 
Briefly, the dried polymers were dissolved in chloroform: methanol (5:1) 
at concentration 10mg/ml and filtered before loading into the GPC 
machine.  
 
3.1.10 Mechanical characterizationof the 3D rolled-up scaffolds 
The 3D scaffolds were collected and equilibrated in PBS before 
subjecting to compression test. A compression test was carried out with 
Bose ELF 3200 (Bose Corporation). 5 samples were tested for each 
group. The entire scaffold was loaded between the compression plates 
vertically. The compressive loads were applied by using a stainless steel 
indenter (Honeywell Sensotee; mode 31, max. loading 10N). The 3D 
rolled-up scaffolds (1.5 mm diameter and 5 mm height) were loaded 
vertically at 0.001mm/s until the 5% strain was reached. The measured 
thickness was converted to the strain of the sample (e = 1 - L/ L0, where 
L0 and L represent the thickness before and after compression, 
respectively). Young’s modulus (E = r/e, where r and e denote the stress 
and strain of the sample, respectively) was determined by Microsoft 
Excel on the stress–strain plot. All results calculated by the Bose ELF 
3200 (Bose Corporation) software.  
 




MSCs were seeded on the nano-patterned polymeric surfaces. The 
effects of CS-coated nanotopographies on MSC morphology, 
cytoskeleton arrangement, proliferation and chondrogenic differentiation 
were investigated and compared to a CS-coated non-patterned pristine 
surface.  
3.2.1 Human bone marrow MSC isolation and differentiation  
MSCs were generated from bone marrow aspirates of consented human 
donors (Institutional Review Board-NUS reference code: 08-097).  The 
bone marrow cells were washed with HBSS (Invitrogen, Grand Island, 
NY) and resuspended in DMEM (Invitrogen, Low Glucose) 
supplemented with 10% FBS (Invitrogen) and cultured at 37°C in 5% 
CO2 atmosphere. After 72 h, non-adherent cells were removed. When 
reaching 70–80% confluency, adherent cells were trypsinized and further 
expanded. A homogenous MSC population was obtained after 1–2 
weeks of culture and MSC was used between passages 3-5. 1 x 105 
cells were seeding on 1cm x 1cm different type nano-topographic 
surfaces for chondrogenic induction and analysis 
 
Chondrogenic differentiation media containing high glucose DMEM was 
supplemented with 10-7 M dexamethasone (Sigma, St Louis, MO), 1% 
ITS+ premix (BD Bioscience Inc., Franklin Lakes, NJ), 50 µg/ml ascorbic 
acid, 1 mM sodium pyruvate (Sigma) and 4 mM proline (Sigma). 
Chondrogenic differentiation was induced in the presence of 10 ng/ml of 
TGF3 (R&D Systems, Minneapolis, MN). The cell/scaffold composite 
were cultured at 37°C in 5% CO2 over a period of up to 5 weeks. 
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Medium was changed every 3 days. 
 
3.2.2 Cell proliferation profile analysis 
To study the cell growth profile on different nano-topographic surfaces 
under chondrogenic condition, the cell proliferations of MSCs on different 
patterned surfaces were determined by the DNA amount of the cells on 
different surfaces using Hoechst Dye 33258 solution. Briefly, MSCs on 
different nano-patterned surfaces were lysed in cell lysis buffer. Cell 
lysates were diluted 10 times and incubated with equal volume of 0.1 
μg/ml Hoechest 33258 (Molecular Probes) solution for 10 min at room 
temperature, protected from light, in 96-well black plates. Fluorescence 
was determined using a FLUOstar Optima fluorescent plate reader 
(BMG Labtech, Offenburg, Germany) at 350 nm excitation and 445 nm 
emission. DNA concentration in the samples, expressed as mg per liter, 
was extrapolated from standard curve generated using calf DNA. 
 
3.2.3 Cell morphologies analysis by Scanning Electron Microscopy (SEM) 
To investigate the morphology changes of MSC on different nano-
topographic surfaces, MSCs on nano-patterned films were collected at 
48 h and fixed by 10% formalin for 15 min. The samples were 
dehydrated sequentially in 50%, 75%, 95%, and 100% ethanol solutions. 
The dehydrated samples were air-dried overnight and coated by gold for 
SEM imaging (JEOL 5600, JSM 6700F). 
 
3.2.4 Cell membrane stiffness property analysis by atomic force microscopy  
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A Nanoscope IV multimode AFM with a picoforce scanner (Digital 
Instruments Inc., USA) was used to carry out the experiments (Figure 6) 
[Jurvelin, 1996]. A modified silicon nitride AFM cantilevers (NovaScan, 
USA) having a spring constant of 0.01 N/m with a 4.5 m diameter 
polystyrene bead tip was used to indent the cells. During the experiment, 
cells were grown on PCL films stuck on a glass coverslip before 
mounting on the AFM stage and the cells were kept in their culture 
medium using a standard fluid cell (Digital Instruments Inc., USA). The 
stiffness calculation was following the same procedure as Section 3.1.6. 
Ten cells on each nanotopographic surface were tested to calculate cell 
surface modulus. 
 
Figure 6. Nano-indenter for cell surface mechanical stiffness testing 
 
3.3  Part 3: Chondrogenesis functional studies 
To investigate MSC chondrogenesis and zonal cartilage formation on 
different type nano-topographic surfaces, specific protein (collagen type I 
and collagen type II) and RNA markers (Chondrogenesis: collagen type I, 
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collagen type II, agrecan; zonal cartilage: PRG4, COMP, CILP, collagen 
type IX) were measured, qualified by histology and imunohistochemistry, 
and quantified by ELISA and real time RT-PCR. MSCs from three donors 
were used for each analysis, with n=3 per experiment. 
 
3.3.1 Histology and immunochemistry study 
3.3.1.1 Sample collection and processing before staining 
Chondrogenic induced MSCs on different nano-patterned polymeric films 
were collected at different time point according to the experiment plan 
and fixed by 4% paraformaldehyde in PBS for 15 min at room 
temperature then washed by PBS twice. The samples were incubated in 
0.1% Triton X-100 in PBS for 5 min at room temperature then washed by 
PBS twice. 
 
3D constructs with chondrogenic MSCs in vitro were collected at week 4 
and week 6 (n=3 per experiment). The samples were fixed by 4% 
paraformaldehyde in PBS for 1.5 hours at room temperature and 
washed by PBS twice. Samples were dehydrated in 75%, 90%, 100% 
ethanol and xylene three times sequentially. The dehydrated samples 
were immersed in paraffin for 1 hour and made to paraffin blocks in 
copper moulds. The sample blocks were sectioned to 5 µm by 
microtome (Zeiss) and plated on the glass slides. Before 
immunochemistry or histology study, the slides were dewaxed and 




3.3.1.2 Immunochemistry staining 
The samples were blocked by 20% BSA in PBS for 30 min at room 
temperature and all samples were washed by PBS three times. The 
samples were incubated in primary antibody with different dilution ratios 
in 2% BSA/PBS solution for 2 h at room temperature. The samples were 
washed by PBS three times (15 min each). The freshly prepared 
fluorescence dye (FITC, Alex 488) conjugated second anti-body (goat 
anti-mouse) in 2% BSA/PBS solution were added onto the samples and 
incubated overnight at 4 C. For F-actin double staining, the samples 
were incubated in TRITC-conjugated Phalloidin (diluted 1:500 in PBS) for 
1 h at room temperature after the secondary antibody procedure. The 
samples washed by PBS three times (10 min each). Finally, the 
DAPI/PBS (50 µg/ml) solutions were added onto the samples and 
incubate in dark for 30 min at room temperature. The images were taken 
by laser confocal microscopy (Olympus FV-1000; Nikon A1is) and 
processed by the software provided by Olympus and Nikon. The F-actin 
quantification was processed using Image J.  
 
Immunohistochemistry: endogenous peroxidase in the rehydrated 
samples was first blocked with hydrogen peroxide before pepsin 
treatment for 20 min. Monoclonal antibodies of collagen type II (Clone 
6B3; Chemicon Inc., Temecuela, CA) of dilution factor 1:500; and type I 
collagen (Quartett Immunodiagnostika, Berlin, Germany) of dilution 
factor 1:500  was applied for an hour followed by incubation with 
biotinylated goat anti-mouse (Lab Vision Corporation, Fremont, CA) for 
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30 min. Streptavidin peroxidase was added for 45 min and 3,30-
diaminobenzidine was used as a chromogenic agent and counterstaining 
was done with Gill’s hematoxylin. The slides were dehydrated before 
coverslipped. The control mouse IgG isotype was from Zymed 
Laboratories Inc. (San Francisco, CA). 
 
3.3.1.3 Collagen Type I and Type II Analysis 
The specific hyaline cartilage protein marker, type II collagen, and 
fibrocartilage protein marker, type I collagen, were analysed by ELISA 
following the manufactory’s protocol (Chondrex). Briefly, the samples 
were digested by pepsin in 0.05 M acetic acid for 4 days at 4°C. The 
supernatant was collected for the subsequent measurement. 10 l type 
II collagen antibodies (1:100) or 10 l type I collagen antibodies (1:250) 
were added to each well and incubate at 4°C overnight. Then the plate 
washed by wash buffer 6 times. 100 l standard and samples were 
added to each well and kept in room temperature for 2 h. The wells were 
washed by wash buffer 6 times. 100 l detection antibody to each well 
and incubated at room temperature for 2 h. The samples were washed 
again 6 times. 100 l of the streptavidin peroxidise solution to each well 
and incubated at room temperature for 1 h. One vial OPD dissolved in 
10 ml dilution solution buffer, which was added to each well and incubate 
at room temperature for 30 min. The reaction were stopped by 50 l 2N 
sulphuric acid and read at 490 nm. The collagen amount in the samples 




3.3.1.4 Real time PCR analysis 
Cells were collected by trypsinization and total RNA was extracted using 
the RNeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's 
protocol. RNA concentration was determined using the NanoDrop 
(NanoDrop Technologies, Wilmington, DE) and reverse transcription 
reactions were performed with 50 ng total RNA using iScriptTM cDNA 
synthesis kit (Biorad Laboratories, Hercules, CA). Real-time PCR 
reactions for GAPDH, aggrecan, collagen II, collagen X and collagen I 
were conducted using the SYBR green system (primer sequences was 
listed in Table 6). PRG4 was analyzed with the customized Taqman 
probe-based gene expression system (Applied Biosystems).  Real Time 
PCR reactions using the ABI 7500 Real Time PCR System (Applied 
Biosystems) were performed at 95°C for 10 min, followed by 40 cycles of 
amplifications, consisted of denaturation step at 95°C for 15 s, and 
extension step at 60°C for 1 min. The level of expression of the target 
gene, normalized to GAPDH, was then calculated using the 2-ΔΔCt 
formula with reference to the undifferentiated MSC. Primers information 










Table 6. Primer sequence for real time RT-PCR 
Aggrecan F: ACTTCCGCTGGTCAGATGGA    R: TCTCGTGCCAGATCATCACC 
Sox9 F: AGTACCCGCACTTGCACAA 
CTCGT    
R: TCAGAAGTCT CCAGAGCTT 
Col I F: CAGCCGCTTCACCTACAGC       R: 
TTTTGTATTCAATCACTGTCTTGCC 
Col II F: 
GGCAATAGCAGGTTCACGTACA         
R: CGATAACAGTCTTGCCCCACTT 
Col IX F: CAGGATATCCAGGCCTACCA       R: TCCCTGGTCACCTTCTTCAC 
Col X F: CAAGGCACCATCTCCAGGAA       R: 
AAAGGGTATTTGTGGCAGCATATT 
COMP F: GGAGATCGTGCAGACAATGA        R: GAGCTGTCCTGGTAGCCAAA 
GAPDH F: ATGGGGAAGGTGAAGGTCG        R: TAAAAGCAGCCCTGGTGACC 
 
3.4  Part 4:In vivo experiment  
A rat cartilage defect model was chosen for the validation of the ability 
of distinct nano-topographic surface to direct MSC chondrogenic 
differentiation to zonal cartilage in vivo. MSCs was seeded  onto the 2D 
nano-pattern PCL films, and rolled-up into a 3D constructs as 
described in Section 3.1.8 (Figure 5), The cell-seeded 3D construct 
was allowed to differentiate in chondrogenic culture conditions for 3 
weeks before implanting into the rat chondral defect site.  A rat model 
was chosen as it is a proven cartilage defect model [Liu et al, 2011] for 
initial validation of tissue engineered implant that is time and cost 
effective.  MSCs from a single donor were used in this study. 
 
3.4.1 Animal grouping 
The animals were divided into 4 groups, Nano-pillar, Nano-grill, Non-
pattern and Control groups. Nano-pillar: 3D constructs formed by rolled-
up nano-pillar PCL films; Nano-grill: 3D constructs formed by rolled-up 
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nano-grill PCL films; Non-pattern: 3D constructs formed by rolled-up 
non-pattern PCL films; Control: defect left untreated. The group size was 
n=3. Samples were harvested at week 6 and week 12 post-implantation.  
 
3.4.2 Defect creation and surgical protocol 
Operation was performed under general anesthesia. The surgical site 
was scrubbed three times with povidone-iodine from the center of the 
site toward the periphery. A 1 mm deep osteochondral defect was 
created on the trochlear between the medial and lateral femoral 
condyles using a 1 mm diameter punch [Liu et al, 2011].  The MSC-
laden 3D construct, fabricated as in the 3D in vitro experiment (Figure 5), 
after 3 weeks of in vitro chondrogenic differentiation was then press-fit 
into these defect sites. Due to the small defect size, the 3D rolled-up 
constructs (estimate diameter of around 1.5 mm) lost the defined rolled-
up configuration during the press-fitting process. Part of construct not fit 
into the defect was trimmed off. 
 
3.5 Part 5: Statistical analysis 
All assays were repeated a minimum of 3 times. Data were analyzed 
using SPSS 10.0 software. Standard deviation was calculated by excel 
software. Statistically significant values were defined as P<0.05 based 
on one-way analysis of variance (T-test). 
 
 




4.1  Influence of substrate topography on chondrogenesis of human 
 mesenchymal stem cells (MSCs) 
Specific nanotopographies are fabricated using nanoimprinting on PCL 
films, creating distinct nano-patterned surfaces (Figure 3). Three distinct 
nano-patterns, namely, nano-grill, nano-hole and nano-pillar were 
chosen to represent the topographical cues represented by the cartilage 
collagen fibril orientation. The surface was conjugated with chondroitin 
sulfate (CS) to provide a chondro-inductive biochemical cue [Wu et al, 
2007]. The effect of CS-coated nanotopographies on the seeded MSC 
morphology, cytoskeleton arrangement; proliferation and chondrogenic 
differentiation were investigated and compared to a CS-coated non-
patterned pristine PCL surface.  
 
4.1.1 Characterization of nano-patterned film 
After thermal nanoimprinting was performed on the pristine PCL film, the 
morphology of the non-patterned and patterned PCL surfaces were 
examined by SEM. SEM images showed that the surface of the pristine 
PCL film, originally comprised of smooth or random surface morphology 
(Figure 7D & H), were controllably patterned with the desired nano-
topography, namely:  nanopillars with 250 nm diameter and 500 nm pitch 
(Figure 7A); nano-holes with 225 nm diameter and 400 nm pitch (Figure 
7B); nano-grill of 250 nm line and 250 nm space (Figure 7C). The nano-
topography features were well-delineated and reliably replicated from the 
silicon mold. Furthermore, no significant morphological and dimensional 
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changes were observed on these nano-patterned films after they were 




Figure 7. Characterization of nano-patterned PCL film. SEM images showing surface 
morphology of non-patterned and nano-patterned PCL films with and without 
chondroitin sulfate (CS) coating. The scale bars in the images are 1 m. 
 
 
4.1.2 Optimization of chondroitin sulfate coating on PCL film 
CS was used to provide the biochemical cue for MSC chondrogenesis on 
the PCL films. The amount of CS conjugated onto the nano-patterned 
PCL film was measured over a period of 24 h. Figure 8 shows that a 
higher concentration of CS solution results in a higher amount of CS 
conjugation onto the PCL film surface. With 10 mg/ml CS solution, the 
amount of conjugated CS peaked (12.847mg±0.826) after 8 h reaction. 
On the other hand, the amount of conjugated CS using 5 mg/ml and 1 
mg/ml CS solutions did not reach the maximum conjugation even after 
24 h.   Thus, 10 mg/ml CS solution was used to coat the PCL film for 
subsequent experiments. The concentration of CS and reaction time 
both affect the amount of CS conjugated. With 10mg/ml CS, no 
significant increase in conjugated CS was detected beyond the 8 hour 
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reaction time, indication of supplied as reached the saturation of surface 
CS conjugation. And the short reaction time will decrease the 




Figure 8. Optimization of chondroitin sulfate (CS) coating on PCL film. Quantitative 
amount of chondroitin sulphate conjugated on the PCL films in different CS 
concentration solutions over a period of 24 h. 
 
4.1.3 Proliferation profile of MSC on different nano-patterned PCL film 
The proliferation rate of MSCs cultured on the CS-coated nano-
patterned PCL films were compared against the CS-coated non-
patterned PCL film by DNA quantification over a period of 28 days 
(Figure 9).  MSCs on nano-grill and non-patterned surfaces showed the 
highest proliferation rate, yielding significantly higher DNA amount at day 
14 compare to day 1 (P=0.024). Proliferation on nano-grill surface was 
similar to that on non-patterned surface initially but stopped by day 14. 
Comparatively, MSCs on nano-pillar and nano-hole surfaces underwent 
negligible proliferation; the DNA amount throughout the culture period 
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was not significantly higher than that at day 1 (P=0.201). The data 
implied that proliferation profile of MSCs was affected by the different 
nano-patterned topographies. 
 
Figure 9. Cell proliferation profile on CS-coated non-patterned and ano-patterned 
PCL films over a period of 28 days in chondrogenic differentiation conditions.  # denotes  
p<0.05, significant increase in DNA amount compared to day 1 of the same surface. 
 
4.1.4  Morphological characterization of chondrogenic induced MSCs on 
 nano-patterned surfaces  
SEM images showed significant differences in the morphology of 
chondrogenic induced MSCs on different nano-patterned surfaces of the 
CS-coated PCL film after 48 h of culture (Figure 10A). Induced MSCs on 
nano-pillar surface showed round morphology with filipodial extrusion, 
while those on nano-hole surfaces showed polygonal morphology. The 
morphology of induced MSCs on nano-grill and non-patterned surfaces 
adopted similar morphology, which were both spindle shaped. The 
results indicated that cell morphology of chondrogenic induced MSCs 
had been influenced by different topographies on the PCL film. In 
addition, SEM observations of the surface morphology of the nano-
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patterned PCL film also showed some changes to the pattern 
dimensions. While nano-grill and nano-pillar morphologies did not show 
significant changes in their dimensions after 48 h of incubation, the 
patterning of nano-hole decreased after 48 h culture as seen in Figure 
10 A. 
 
After 3 days of culture under chondrogenic conditions, the MSCs were 
fixed and stained for F-actin (Figure 10B). MSCs on non-patterned and 
nano-grill surfaces expressed fibrous F-actin and presented as spindle 
shape.  MSCs on nano-hole and nano-pillar surfaces formed aggregates 
with F-actin organized at the cortical areas of the rounded cells 
surrounding the cell cluster. Cell and nuclei size of the aggregated cells 
on nano-pillar and nano-hole surfaces appeared much smaller than cells 






Figure 10. Cell morphology acquired on different nano-patterned CS-coated PCL 
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films. (A) SEM images showing cell morphology on different nano-patterns after 48 h 
of chondrogenic culture. SEM images were taken at x5000.  (B) F-actin organization 
of MSC on different nano-patterned PCL films after 3 days of culture under 
chondrogenic condition. Red: F-actin; Blue: cell nucleus. The scale bars in the images 
are 1 m. 
 
 
4.1.5 Characterization of cell elasticity on the chondrogenic induced MSCs 
cultured on nano-patterned surfaces 
The cell elasticity of chondrogenic induced MSCs cultured over 3 days 
on different nano-patterned PCL surfaces were compared (Figure 11). At 
day 1, MSCs on the nano-pillar surface acquired significantly higher 
stiffness (793±90.39 Pa) compared to MSCs on non-patterned surface 
(427±60.27 Pa), while those on nano-grill surface remained similar 
(403±70.384 Pa) to that of non-patterned surface. The significant 
difference in cell stiffness of MSC on nano-pillar and nano-grill remained 
up to day 3. Stiffness of MSCs on nano-hole increased significantly from 
day 1, when no significant difference was detected compared to the 
control non-patterned surface (P=0.0172), to day 3, when cell stiffness 
increased to a level similar to those on nano-pillar (769±70.398 Pa).  
 
 
Figure 11. Cell elasticity on different nano-patterned surfaces after 1 and 3 day of culture 
in chondrogenic differentiation conditions.  * denotes p<0.05, significant increase 
compared to non-patterned surface of the same time point.  # denotes p<0.05, significant 
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increase on nano-hole surface from day 1 to 3. Data shown are mean±std, n=10. 
 
4.1.6 Expression of collagen by MSC on nano-patterned PCL films 
Chondrogenic differentiation of MSCs is known to generate  both hyaline 
cartilage, characterised by the formation of type II collagen, and 
fibrocartilage with the formation of type I collagen [Baker et al, 2010; Wu 
et al, 2007]. The type and expression levels of collagen derived from 
MSC chondrogenic differentiation on different nano-patterned PCL 
surfaces was analysed by quantification of the expression level of type II 
and I collagen by ELISA, normalized to the DNA amount (Figure 12). 
MSCs on nano-pillar surface expressed the highest amount of type II 
collagen, at a level 4-5 folds higher than that on non-patterned surface 
(Figure 12B). MSCs on nano-hole surface expressed collagen type II at 
a level 3 folds higher, while those on nano-grill expressed a similar level 
to that on non-patterned surface. Conversely, type I collagen deposition 
on nano-grill surface was the highest compared to other surfaces, 
reaching 5-folds that of the control non-patterned surface at week 6 
(Figure 12A). Nano-hole surface induced less type I collagen expression, 
at 2.5 folds, and notably, no increase in type I collagen (compared to 
control non-patterned surface) was detected on the nano-pillar surface, 





Figure 12. Type of collagen expressed by MSC on nano-patterned surface. Levels of type 
I and II collagen expression on different nano-patterned PCL films was analyzed by ELISA 
and normalized to DNA at week 4 and week 6 of chondrogenic differentiation. Data shown 




4.1.7 Analysis of chondrogenic-related mRNA markers  
Real-time PCR analysis was used to quantify the chondrogenic-related 
mRNA markers from induced MSCs on different nano-patterned surfaces 
versus the control non-patterned surface at week 2 and week 4 of 
differentiation with chondrogenic medium (Figure 13).  Induced MSCs 
showed highest aggrecan and collagen II mRNA levels on nano-pillar 
surface at both week 2 and week 4. Relatively, expression of collagen II 
on nano-hole surface was slower, significant increase was detectable 
only at week 4, and at a lower level compared to that ofa nano-pillar 
surface. Non-patterned surface presented very low amounts of aggrecan 
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and collagen II expression. Expression of aggrecan and collagen II on 
nano-grill was only up-regulated at the later time point of week 4, at 
levels 4- and 2-folds lower than that of nano-pillar. Expression of 
fibrocartilage marker, collagen I, at week 2 was similar on all 
nanotopographic surfaces, at about 2-folds that of non-pattern surface. 
At week 4, collagen I on nano-grill surface increased significantly higher 
than other surfaces, reaching to 6-folds that of non-patterned surfaces, 
while increase on nano-hole surface reached 3-folds. Notably, no 
increase in collagen I was detected on nano-pillar surface.  
 
Analysis of the specific superficial zone cartilage marker, Proteoglycan 4 
(PRG4), showed that at week 2, PRG4 mRNA on all nano surfaces was 
not significantly different. By week 4, PRG4 on nano-grill surface was 
significant higher than those on other surfaces (~10-folds), while 
expression on nano-pillar and nano-hole surfaces remained unchanged, 
at levels similar to that of non-patterned surface. The trend in PRG4 
expression across the different surfaces maintained up to week 6, 
indicating a specific enhancement of PRG4 expression on the nano-grill 
surface. Collagen X mRNA, which represents hypertrophic cartilage 
tissue matrix expression was analysed at week 4 and week 6 after 
differentiation. At week 4, induced MSCs on nano-pillar and nano-hole 
surfaces had up-regulated expression of collagen X mRNA, which 
persisted to week 6 in which significantly higher expression was 
detected with MSCs on the nano-hole than nano-pillar surface. MSCs on 
nano-grill and non-patterned surfaces exhibited negligible up-regulation 
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Figure 13. Expression of cartilaginous genes on nano-patterned surfaces.  Real time PCR 
analysis of mRNA expression levels of cartilaginous genes at week 2, 4 or 6  of chondrogenic 
differentiation was normalized to their respective GAPDH expression and expressed as fold 
changes relative to undifferentiated MSCs. Data shown are mean±std, n=3.  * denotes p<0.05, 
significant increase compared to non-patterned surface. # denotes p<0.05, significant 
different between nano-pillar and nano-hole surface at the same time point.  
 
Results from Section 4.1 indicate that MSCs respond distinctly to nano-
grill and nano-pillar topography patterned on 2D surfaces, while nano-
hole yielded cartilage of mixed phenotype. For subsequent studies, 
further scaffold manipulation was done on nano-pillar and nano-grill. 
 
 
4.2 The combined effect of substrate elasticity and surface 
topography on chondrogenic differentiation of mesenchymal stem 
cells 
The effects of either mechanical [Park et al, 2012; Toh et al, 2012; Bian 
et al, 2013] or topographical cues [Li et al, 2007; Wise et al, 2009; Baker 
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et al, 2010; Wood et al, 2012] on cell fate and chondrogenic 
differentiation has been studied.  However, how these two cues 
collectively influence stem cell chondrogenic differentiation remains 
unclear.  Studies in Section 4.1 have shown that substrate nano-
topography influenced MSCs to differentiate to chondrocytes with zonal 
specific properties depending on the nano-topographical patterning, in 
particular, nano-pillar and nano-grill, yielding distinctive phenotypes. The 
objective of this section was to investigate the combined effect of 
substrate topography and mechanical stiffness on directing MSC 
chondrogenesis. Two nano-patterns, of pillar and grill, were used. To 
vary the mechanical property of the substrate, different polyesters, 
polycapolactone (PCL), polylactide (PLA) and polyglactide (PGA) of 
varying mechanical stiffness were used. Thermal imprinting technology 
was employed to create precise and controlled nano-topographical 
patterns with the same dimension of either grill or pillar patterns on the 
three polyester films. 
 
4.2.1 Fabrication of nano-topographic patterns on different polymeric films 
Different polymers were prepared under different optimized parameters 
according to their Glass Transit Temperature (Tg). The Tg of polymers is 
not only affected by its chemical structure, but the molecule weight and 
film preparation methods. The Tg of PCL, PLA and PGA casting films are 
-63°C, 54°C, and 60°C, respectively, obtained by  
 
Differential Scanning Calorimeter (DSC). SEM images showed that the 
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nano-topographies were intact and homogeneous (Figure 14). The 
dimensions of the topographies on the three different polymers were the 
same. However, the edge of the nano-patterned structure had some 










4.2.2 Compressive modulus of nano-patterned surfaces  
Films of different polyesters, polyglycolide (PGA), polylactide (PLA) and 
polycaprolactone (PCL) were imprinted with nano-pillar or nano-grill 
topographies.  SEM images showed that the dimensionality of the pillar 
and grill was kept the same across all three polymers (Figure 14). The 
compression modulus of the nano-patterned surfaces was determined 
and compared to the non-patterned surface. Figure 15 shows that the 
surface stiffness was affected by the polymeric materials, and also by the 
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different surface patterning. The compression modulus of PGA, PLA and 
PCL non-patterned films were 205, 106.5 and 48.2 MPa respectively. 
Nano-patterning lowered the surface compressive modulus. Slightly 
higher compression modulus was detected on nano-grill across the three 
polymeric materials than nano-pillar of the same material. However, the 
difference across different polymeric materials with the same pattern was 




Figure 15. Compressive modulus of nano-topographic polymeric surfaces. Surface 
stiffness (Compressive modulus) analysed by Atom Force Microscopy (AFM). 
Average compressive modulus are listed in the table. Data shown are mean ± std, 
n=10. 
 
4.2.3 Wettability of the nano-patterned surfaces 
The wettability of a surface represents the hydrophilicity of the material 
surface. The wettability of different surfaces was tested by water contact 
angle measurement. If surfaces have higher hydrophilic property, water 
droplets will present a flat morphology and have a small water contact 
angle.  There were no significant differences in wettability, as measured 
Nano-pillar Nano-grill Non Pattern 
PGA 149.3 161.6 203.87 
PLA 82.6 88.1 127.94 






























by contact angle, across the three polymer surfaces with the same 
pattern, or between the two different nano-patterned surfaces (Figure 16). 
With chondroitin sulfate treatment, the wettability of the nano-patterned 
surfaces were the lowest, while the nano-grill was higher in the same 
polymeric material. The difference between nano-pillar and nano-grill qon 
the same polymers were significant (P: PCL=0.042; P: PLA=0.035; 
P:PGA=0.045). No significant difference was detected across the same 




Figure 16. Wettability of the nano-topographic polymeric surfaces. Surface hydrophicility of 
different patterned surfaces. * P<0.05, denotes significant differences between nano-pillar and 
nano-grill of the same polymer. Data shown are mean ± std, n=4. 
 
4.2.4 Proliferation of MSCs on different nano-topographic  polymeric  
  surfaces 
MSC proliferation profile on different nano-patterned polymeric surfaces 
under chondrogenic differentiation conditions was determined by DNA 
quantification. Figure 17 shows that cells on the same nano-topographic 
polymeric surface had similar growth rate regardless of the polymeric 
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material. MSCs on nano-grill surfaces had significantly higher growth 
rate than cells on nano-pillar surfaces. After 7 day culture in 
chondrogenic medium, DNA amount on nano-grill surface increased by 2 




Figure 17. Cell proliferation profiles on different surfaces. Cell proliferation profile on different 
nano-patterned CS-coated films was represented by DNA quantification over a period of 7 
days. Data shown are mean ± std, n=3. 
 
 
4.2.5 Cell morphology adopted on different -patterned polymeric surfaces 
To study the influence of nano-pattern and material stiffness on cell 
morphology, F-actin distribution of MSCs was investigated after 3 days 
culture in chondrogenic medium. Images of single MSCs showed 
formation of fibroblastic cell morphology with F-actin stress fibers on the 
three polymeric nano-grill surfaces (Figure 18A). MSCs on PCL and PLA 
nano-pillar surfaces adopted round morphology with their F-Actin 
organized at the cortical, while MSCs on PGA nano-pillar surface formed 
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polygonal morphology with fibrous F-actin. Multiple cell analysis showed 
cell aggregation and condensation which was apparent by day 3 on PCL 
and PLA nano-pillars, but not on PGA nano-pillar, whereas aligned 

















Figure 18 Cell morphology analysis by F-actin phalloidin staining. (A) Single cell images; (B) 
multi-cell aggregation images. Difference in cell morphology of MSCs on the nano-patterned 
surfaces at day 3, as seen by F-actin staining (red). Nucleus was stained by DAPI, shown in 




4.2.6 Quantification analysis of F-actin reorgaization 
To indentify the difference in cytoskeleton reorganization on different 
polymeric nano-patterned surfaces, the F-actin intensity and length were 
calculated by ImageJ.  Quantification of the F-actin fibers showed 
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significant increase in density with the PGA nano-pillar compared with the 
PCL and PLA nano-pillars (Figure 19A). No significant fiber density was 
detected across the three nano-grills (P=0.372). Higher F-actin densities 
were detected on PGA nano-topographic surfaces and there was no 
significant difference between two different nano-topographies (P=0.401). 
However, significant difference between and PCL nano-pillar and PGA 
nano-grill surface (P=0.042) was detected, while there was no significant 
difference between PCL and PLA nano-pillars (P=0.62). MSC acquired 
longer F-action length on nano-grills compared to nano-pillars on the two 
softer PCL and PLA polymers (Figure 19B). Cells on PGA nano-pillars 
acquired >3 folds longer F-actin fibers than that of the two softer nano-












Figure 19 Quantification of fluorescence (A) density, and (B) length of F-actin. All 
quantification results were calculated by ImageJ using 15 images from each sample. * P<0.05. 
 
 
4.2.7 Quantification of type I and II collagen expression on different nano-
patterned polymeric surfaces 
The type of collagen generated by MSC-derived chondrogenic cells on 
different nano-patterned polymeric surfaces was assessed by 
immunostaining and ELISA quantification. With the same polymeric 
material, differentiated MSCs on nano-pillar surfaces consistently 
expressed higher amount of type II collagen (Col 2) compared to cells on 
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the nano-grill surfaces (Figure 20A). Protein quantification and real time 
PCR gene analysis showed that expression of Col2 on nano-pillar 
significantly decreased on the stiffest PGA surface (Figure 20B & C, qRT-
PCR, P=0.014; ELISA,P=0.016). Differentiated MSCs on nano-grills 
expressed significantly higher amount of type I collagen (Col 1) genes and 
protein across all three polymeric surfaces (Figure 20B & C, qRTPCR: 
PPCL=0.006; PPLA=0.015; PPGA=0.021; ELISA: qRTPCR: PPCL=0.021; 
PPLA=0.017; PPGA=0.034), and Col 1 formation was further enhanced on 
the stiffer PGA surface (P=0.032) (Figure 20B). Notably, Col1 expression 
remained low on PCL and PLA nano-pillars but increased by 2-3 folds on 





















Figure 20. Analysis of chondrogenic protein and gene markers by immunochemistry, ELISA 
and qRTPCR. (A) Type II collagen immunochemistry, RED: F-actin; Green: Col 2; BLUE: Cell 
Nucleus. Scale bar=50um. (B)Type I and Type II collagen quantification by ELISA. Samples 
were harvested at week 4 and collagen amount was normalized by total DNA of respective 
sample (*P<0.05; **P>0.05). (C) Quantification of  type I, type II and aggrecant mRNA by 
qRT-PCR. Expression was normalized to their respective GAPDH expression and expressed 
as fold changes relative to undifferentiated MSCs. Data shown are mean ± std, n=3. 
4.2.8 Analysis of zonal cartilaginous genes 
Expression levels of cartilaginous markers was analysed by real time 
PCR on cells differentiated for 6 weeks on different nano-patterned 
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polymeric surfaces. Figure 21 showed that PCL and PLA nano-pillars 
induced similarly higher levels of aggrecan when compared to levels 
expressed on nano-grill of the same polymeric materials. The differences 
between nano-pillar and nano-grill on the same polymeric materials were 
significant (PPCL=0.031, PPLA=0.025). However, the aggrecan expression 
on PGA nano-pillar was at level 5-6 folds lower than those on the nano-
pillars of the two softer materials; and was not significantly different from 
expression on PGA nano-grill (P=0.67). Expression of middle/deep zone 
cartilage markers, cartilage intermediate layer protein (CILP), cartilage 
oligomeric matrix protein (COMP) and type IX collagen (Col 9), were up-
regulated on PCL and PLA nano-pillars, but at much reduced levels on 
PGA nano-pillar (P=0.014), in which expression levels was similar to 
those on all the three nano-grill surfaces.  Analysis of the specific 
superficial zone cartilage marker, Proteoglycan 4 (PRG4), showed that 
PRG4 mRNA was highly up-regulated on PCL and PLA nano-grills, while 
PGA nano-grill induced much lower level (4-folds lower) (P=0.0093). No-
significant PRG4 induction was detected on all nano-pillar surfaces.  
Quantification of hypertrophy marker, type X collagen (Col 10), shows up-
regulated expression in nano-pillars, and the expression was further 






Figure 21. qRT-PCR analysis for zonal cartilaginous markers. PRG4, COMP, CILP 
Expression was normalized to their respective GAPDH expression and expressed as fold 
changes relative to undifferentiated MSCs. Data shown are mean ± std, n=3. *, P<0.05; 
denote significant difference comparing to nano-grill on the same polymer; #. P<0.05; 
denote significant difference comparing to nano-pillar on PGA. 
 
 
4.3  In vitro MSC chondrogenesis in 3D rolled-up nano-
patterned scaffolds and implantation of constructs at cartilage defect of 
rat 
 
In order to study MSC differentiation in a 3D scaffold system with 
spatially controlled surface nano-patterns, we seeded MSCs onto the 2D 
nano-pillar and nano-grill PCL before rolling up the 2D films into a 3D-
rolled-up scaffold.  To further validate the ability of distinct nano-
topographic surface to direct MSC chondrogenic differentiation to zonal 
cartilage in vivo, MSC laden rolled-up scaffold was implanted in cartilage 
defect of rat. Scaffold with nano-pillar and grill topography, which was 
shown to yield distinct cartilage phenotype in Section 4.1, were used for 
this studies. PCL was selected as the materials for 3D scaffold due to its 
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relative ease of fabrication and amendable for nano-imprinting; and its 
known neutral degradative products in vivo. 
 
4.3.1 Degradation rate of PCL film in vitro and in vivo 
The degradation rate of PCL film was represented by the changes in 
molecular weight. The in vivo samples degraded faster than in vitro 
samples. Subcutaneous implantation resulted in 50% molecular weight 
decrease in vivo after 6 week (Figure 22B). Comparatively, in vitro 
incubation in PBS resulted in loss of 30% molecular weight (Figure 22A). 
The in vitro degradation profile indicated that there was a burst in 
degradation from week 4, implicated by the increase in gradient from 4-6 





Figure 22. Degradation profile of PCL rolled-up constructs in vitro and in vivo.  (A) In 
vitro samples were incubated in PBS and harvested for testing from day 1 to day 42. (B) 
In vivo samples were implanted subcutaneous in rat, and harvested at week 2 and 
week 6. The molecular weights were tested by GPC in comparison to original molecular 





4.3.2 Expression of specific collagen by differentiated MSCs in 3D nano-
patterned constructs 
To investigate the ability of the 3D nano-patterned construct to support 
cartilage formation, MSCs were seeded onto the 2D nano-patterned PCL 
films (n=3) for 24 hours after which the cell-seeded films were rolled up 
into a 3D-rolled-up scaffold and cultured under chondrogenic 
differentiation conditions. The extent of MSC differentiation in the 3D-
rolled-up scaffold was analysed by real time PCR and collagen 
quantification, and compared to MSC differentiation on the 2D nano 
patterned films set up in the same experiment. Collagen 
immunohistochemical analysis (Figure 23A) after 6 weeks of 
differentiation showed that the Col 1 and Col 2 expression profile in 3D 
nano-pillar and grill followed the same profile as their 2D counterparts 
(Figure 12 in section 4.1), with nano-pillar enhancing Col 2 expression to 
a greater degree than that of nano-grill, while Col 1 expression was 
promoted in nano-grill. The immunostaining results was further 
supported by protein quantification (Figure 23B) which also showed a 
general increase in collagen deposition in the 3D system compared to 





Figure 23. Collagen expression in 2D and 3D nano-patterned constructs under 
chondrogenic conditions. (A) Immunochemical staining for type I collagen and type II 
collagen. Samples were harvested at week 4. Scale bar=200µm. (B) Type I collagen and 
type II collagen quantification by ELISA. Samples were collected at week 4. Collagen 
levels were normalized by the DNA amount in the same construct. Data shown are 
mean±std, n=5, * P<0.05. 
 
 
4.3.3 Expression of specific markers by differentiated MSCs in 3D nano-
patterned constructs  
Expression levels of cartilaginous markers  in the 3D nano-patterned 
constructs was analysed by real time RT-PCR on MSCs differentiated for 
4 weeks (Figure 24). Expression profile and levels were compared to 
MSC differentiation on the 2D nano patterned films set up in the same 
experiment.  Figure 24 showed that the nano-grill up-regulatde Col 1 and 
PRG4, and the upregulation was maintained, and further enhanced in 
the case of PRG4, from 2D to the 3D system.  Nano-pillar, on the other 
hand, supported high expression of Col 2 and middle/deep zone markers, 
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COMP, CILP and Col 9, with further enhancement detected in the 3D 
construct. The middle/deep zone markers were maintained at relatively 
low levels in nano-grill 3D construct. Notably, the hypertrophy marker, 
Col 10, although highly upregulated in the 2D nano-pillar surface, and 
was suppressed in the nano-pillar 3D construct, albeit still at higher level 















Figure 24. Analysis of gene markers of chondrogenesis and zonal cartilage by rea 
time RT-PCR. Samples were harvested at week 4. Expression level was normalised 
to GAPDH and presented as fold changes relative to undifferentiated MSCs.  Data 






4.3.4 Mechanical property of in vitro-differentiated 3D constructs 
The compressive modulus of the rolled-up 3D construct was measured 
after MSC seeding and differentiation.  Figure 25 showed that no 
significant difference in compressive modulus was detected in the three 
cell-seeded scaffolds compared to the control non-cell scaffold before 
week 2, even though there was a general trend of decrease in modulus 
from 850 kPa to 750 kPa.  A further drop in compressive modulus was 
detected in the non-cell scaffold from week 2 to week 5, to 480 kPa, 
suggestive of scaffold degradation-related weakening of mechanical 
stiffness.  The compressive modulus of nano-pillar construct at week 5, 
however, increased from 780 kPa to 830 kPa, while that of nano-grill and 
non-pattern construct was at 730 kPa and 520 kPa, respectively 
 
Figure 25. Compressive stiffness analysis of 3D rolled-up construct. Samples were 
harvested every 7 days from Day 0 to Day 35 of chondrogenic culture. Data shown 







4.3.5 Implantation of 3D roll-up constructs in rat cartilage defect  
MSCs were seeded onto the 2D PCL films for 24 hours in MSC expasion 
medium, after which the cell-seeded films were rolled up into a 3D-
rolled-up scaffold and cultured in chondrogenic differentiation conditions 
for 14 days before implantation into the cartilage defect at femoral 
trochlear groove of a rat model [Liu et al, 2011]. Three groups of scaffold 
constructs, non-patterned, nano-pillar and nano-grill (n=3 per group), 
were implanted. The operated joints were harvested on week 6 and 12 
post-operation and underwent histological analysis. Figure 26 shows the 
photo images of the defect and location of implanted constructs. All rat 
survived during the experiment period, and animal mobility behaviors 
were as normal 1 week after surgery. All samples were processed for 











Figure 26. Images of rat cartilage defect and implanted 3D constructs in vivo. (A) 
Cartilage defect creation, and (B) 3D nano-pillar constructs in defect after week 6 and 
week 12.  
 
4.3.6 Histological analysis of cartilage defect repair in vivo  
Hematoxylin and Eosin (H&E) staining was performed to investigate the 
implant location and interaction with the host tissues (Figure 27). The 
results showed that the degradation of PCL scaffolds was slow for the 12 
week period. Degradation rate varied among the three implant groups. 
Abundant amount of scaffolds were detected at the defect site of the 
non-patterned and nano-grill groups at week 6 and 12. Scaffolds were 
visibly broken down to debris in the nano-pillar group.  Matrix deposition 
was significantly different at week 6 and week 12, with more ECM 
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around the polymeric constructs at the defect location at week 12 than 
week 6. However, there remained vast tissue gaps (Figure 27) at the 
host-implant interface even up to week 12, indicative of poor host-
implant integration.  
 
 
Figure 27. Hematoxylin & Eosin analysis of the cartilage defect. The boxes marked in (A, 
B, C, D and I, J, K, L) (40x magnification) are shown in higher magnification in (E, F, G, H 
and M, N ,O, P) (100x magnification). 
 
Alcian Blue staining showed that weak sGAG expression was present in 
all three 3D construct groups (Figure 28). Nano-pillar samples had higher 






Figure 28. Alcian Blue staining of the cartilage defect. The boxes marked in (A, B, C, D 
and I, J, K, L) (40x magnification) are shown in higher magnification in (E, F, G, H and M, 
N ,O, P) (100x magnification). 
 
4.3.7 Immunochemistry analysis of cartilage defect repair in vivo  
Deposition of collagen at the site of implant was investigated by 
immunochemistry staining for Col 1 and Col 2. At week 6, cells in nano-
grill and non-pattern scaffolds produced abundant Col 1 and no Col 2 
(Figure 29). Low levels of Col 2 were detected in nano-pillar construct with 
relatively reduced amount of Col 1.  At week 12 (Figure 29), the cell in 
non-patterned constructs expressed localized patches of Col 2 and some 
Col 1. Cells in the nano-grill constructs expressed high levels of Col 1 but 
no Col 2 was detected within the vicinity of the construct, although Col 2 
was detected at the articular surface outside the implanted constructs. In 
contrast, high Col 2 expression was detected within the nano-pillar 
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construct, accompanied with relatively low Col 1 expression compared to 
the nano-grill construct.  
 
 
Figure 29. Immunochemistry analysis of cartilage defect repair in vivo. Type II 
collagen and type I collagen expressed at week 6 (A) and week 12 (B).  Higher 






Chapter 5 Discussion 
 
5.1 Influence of substrate topography on chondrogenesis of human 
mesenchymal stem cells (MSCs)  
Treatment of articular cartilage defects poses a significant clinical 
challenge. Cartilage tissue has poor self-regenerative capacity due to its 
low cellular mitotic activity, low supply of progenitor cells and its 
avascularity [Hunziker et al, 2002]. Current surgical approaches have not 
resulted in repair with stable hyaline cartilage. Cartilage tissue 
engineering using stem cells has gained increasing interest among 
researchers in recent years as it offers a promising approach for cartilage 
repair and regeneration. However, MSC-based cartilage tissue 
regeneration results in homogeneous cartilage tissue structures with little 
resemblance to the native zonal organization of articular cartilage [Klein et 
al, 2009]. During tissue development, cells are known to be influenced not 
only by biochemical cues and bioactive growth factors, but also by ECM 
physical properties such as stiffness and the geometrical topography, 
especially in the nano-scale dimension, which have been shown to have 
profound effects on cellular responses [Guilak et al, 2009]. Although the 
effect of nano-topographic substrate surfaces on MSC chondrogenesis 
has been previously reported, the results have not been consistent [Li et 
al, 2007; Baker et al, 2010]. A common limitation among these earlier 
works is that the topography of interest was random and was not spatially 
defined. The ability to specifically and spatially control the patterning of 
nano-features is a pre-requisite to allow systematic studies on the 
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influence of nano-topography on MSC chondrogenesis, especially to 
investigate how specific nano-topographies regulate the formation of 
cartilage tissue with zonal arrangement.  
 
In this study, we used a more systematic and controllable approach to 
study the effect of spatially controlled nano-topography on MSC 
chondrogenesis. Distinct nano-topographies in the form of nano-pillar, 
nano-hole and nano-grill structures were chosen to represent the 
topographical cues represented by cartilage collagen fibril orientation. 
These specific nano-topographies were directly patterned on the PCL 
scaffold via nano-imprinting. Chondroitin Sulfate (CS) was immobilized on 
these surfaces to provide a chondro-inductive biochemical cue [Jurvelin et 
al, 1996; Wu et al, 2007]. SEM images taken before and after CS coating 
showed that the coating did not have any significant effect on the surface 
morphology nor the dimension of the nano-topography on the PCL film 
(Figure 7).  
 
5.1.1 Specific nano-topographic surfaces affected MSC chondrogenesis and 
zonal cartilage formation 
MSCs underwent dramatically different morphological changes, 
proliferation and chondrogenesis on these distinct nano-topographic 
surfaces. Significantly higher upregulation of hyaline chondrogenic 
markers, type II collagen, was detected on nano-pillar and nano-hole 
surfaces, while expression of this marker was much delayed and at lower 
levels on the nano-grill surface (Figure 12 &13).  On the other hand, nano-
grill surface promoted higher expression of type I collagen, a fibrocartilage 
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marker, and PRG4, a superficial zonal chondrogenic marker. Expression 
of these markers was either not induced on nano-pillar, or in the case of 
type I collagen, expressed at much lower levels on the nano-hole surface. 
The different type and extent of collagen expression was further 
supported with the quantity of type II and I collagen protein formation 
(Figure 12). Aggrecan, the dominant proteoglycan of cartilage, was also 
highly expressed on nano-pillar and nano-hole surfaces. The delayed and 
lower expression of aggrecan on the nano-grilled surface indicate that, 
although less hyaline-like (indicated by the lower levels of type II collagen 
production), nevertheless, with the detection of type I collagen and PRG4 
expression, a superficial zone-like, fibrocartilage was formed on the nano-
grill surface.  Superficial zone cartilage is indeed known to have lower 
proteoglycan content compared to cartilage of deeper zones [Huang et al, 
2010a; Huang et al, 2010b]. Studies have also shown type I collagen 
expression on the surface of the superficial layer of developing fetal and 
postnatal cartilage [Treilleux et al, 1992; Huch et al, 2002].   
 
Cell proliferation on nano-pillar and nano-hole surfaces ceased upon cell 
attachment, while those on nano-grill continued to proliferate up to 14 
days under chondrogenic induction conditions (Figure 9). Previous studies 
have shown that as MSCs started to approach differentiation, their cell 
proliferation rate decreased [Varghese et al, 2008]. In view of the different 
extent of aggrecan expression, it is likely that MSCs on the nano-grill 
surfaces might have retained their undifferentiated state in the early days 
of chondrogenic induction, compared to cells on nano-pillar and nano-hole 
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surfaces.  Taken together, our results indicated that nano-pillar and nano-
hole surfaces promote MSC chondrogenic differentiation and hyaline-like 
cartilage formation.  MSCs on the nano-grill surface, on the other hand, 
undergo delayed chondrogenesis, and upon chondrogenic differentiation, 
formed superficial zone/fibrocartilage. 
 
5.1.2 Association of MSC morphology and chondrogenic differentiation to 
  specific cartilage phenotype   
Unlike most lineage differentiation, such as osteogenic, adipogenic and 
myogenic, MSCs do not undergo chondrogenic differentiation in 2D 
conditions, even with the provision of full chondrogenic media (i.e. with 
the inclusion of dexamethasone and TGFβ), unless maintained in a 
format that is conducive to precartilage condensation, such as in a 3D 
pellet culture system [Johnstone et al, 1998].  This is in agreement with 
the MSCs on non-patterned 2D PCL film, despite having contact with the 
chondrogenically favourable CS coating [Jurvelin et al, 1996; Wu et al, 
2007], and fed with chondrogenic media, these MSCs did not undergo 
chondrogenic differentiation (Figure 12 &13).  However, our results 
showed that with the provision of nano-topographic features, the 
attached MSCs were induced to chondrogenesis under 2D conditions.  
 
PCL nano-fibrous scaffold (diameter ranging from 500 to 900 nm) with 
random orientation was reported to support MSC chondrogenic 
differentiation as efficiently as high density pellet culture [Li et al, 2007].  
However, hyaline cartilage matrix production by MSCs was dramatically 
hindered on PCL nanofibrous scaffold of aligned topography, with 
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upregulation of the fibrochondrogenesis matrix. [Baker et al, 2010].  
MSCs on the aligned nanofibrous topography adopted an elongated 
morphology with prominent F-actin stress fibers [Baker et al, 2010; ,Li et 
al, 2007b], not unlike the MSCs on our nano-grill surface and non-
patterned surfaces which adopted similar fibrous F-actin and spindle 
shape (Figure 10) and underwent minimum hyaline chondrogenic 
differentiation (Figure 12&13).  On the other hand, it was reported that 
MSCs on randomly aligned PCL nanofibrous scaffold adopted a 
polygonal morphology and underwent chondrogenic differentiation [Li et 
al, 2007b; Li et al, 2007a]. In our study, MSCs on nano-hole and nano-
pillar topography underwent hyaline-like chondrogenic differentiation and 
adopted either a polygonal or spherical morphology, respectively, upon 
attachment to the topographic surface (Fig 10A).  When these 
morphological images were correlated with the expression of different 
types of chondrogenic markers, they provided an indication of the 
relationship between induced MSC morphology at an early stage and the 
chondrogenic differentiation direction, i,e. spindle cell shape suppressed 
chondrogenesis, but eventually induced the formation of 
fibrocartilage/superficial zone-like cartilage, whereas round and spread 
(polygonal) cell shapes promoted chondrogenesis and predisposed 
MSCs to hyaline-likew cartilage formation. Correlation between stem cell 
differentiation commitment and cell shape was reported [McBeath et al, 
2004; Gao et al, 2010], specifically between that of chondrogenic and 
myogenic differentiation [Gao et al, 2010], which required similar soluble 
inducer, TGFβ.  Cell shape change conferred a switch between 
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chondrogenic (round shape) and smooth muscle cell (spread and flatten) 
fates involving Rac1 signalling regulation of  cell-cell adhesion molecule, 
N-cadherin, underlying the tight coupling between lineage commitment 
and changes in cell shape, and cell-cell adhesion that occur during 
morphogenesis.  
 
One of the earliest events triggered in MSC chondrogenesis is the 
aggregation of progenitor cells into pre-cartilage condensation [Goldring 
et al, 2006].  In our study, the adaptation of specific cell shape on nano-
pillar and nano-hole topography upon attachment was followed by 
cellular aggregation on these nano-topographies (Figure 10B). 
Aggregated cells on these nano-topographies had their actin 
cytoskeleton reorganized into a cortical pattern, an event that was 
associated with the activation of stem cells chondrogenic differentiation 
[Kumar et al, 2009; Kim et al, 2009]. Notably, aggregated cells on the 
nano-pillar and nano-hole surface adopted reduced cell and nuclei size 
than cells on nano-grill and non-patterned surfaces. As cells on the 
nano-pillar and nano-hole were able to subsequently produced ECM 
efficiently, it is unlikely that the reduction in cell and nuclei size was 
associated with apoptosis. Given the early and highly up-regulated 
expression of aggrecan and type II collagen (Figure 12 & 13), the 
adoption of smaller cell and nuclei size in the aggregated cells could be 
attributed to earlier condensation, an event trigger by cell-cell contact 





5.1.3 Cell membrane stiffness affected by nano-topographies 
The functionality change of MSCs on nano-topography was further 
reflected by a change in cell membrane elasticity at the time of cellular 
morphological change, as measured by AFM indentation (Figure 11). 
Cells on nano-pillar and nano-hole topographies became significantly 
stiffer compared to those on nano-grill and non-patterned surfaces. 
Notably, the more chondrogenic cells on the nano-pillar surface adopted 
a stiffer membrane earlier than the less chondrogenic cells on the nano-
hole surface. The results implied that MSCs acquire stiffer membrane 
upon interaction with specific nano-patterned surfaces and are primed 
towards chondrogenic differentiation. This is in contrast to the study with 
chondrocytes showing the rounder and more chondrogenic cell having 
lower cell stiffness [Park et al, 2011; von der Mark et al, 2010].  The 
possible reason is that the cell stiffness is not only affected by the cell 
morphology, but the cell phenotype itself and the matrix that these cells 
produce. The mechanical properties of living cells are connected with 
their biological functions and physiological processes and vary at 
different stages of differentiation and during the life span of the cell [Park 
et al, 2011; von der Mark et al, 2010]. Given the early and heighten 
expression of matrix protein by differentiated MSCs especially on nano-
pillar, followed by those on nano-hole, it is also possible that cells having 
early deposition of pericellular ECM could have affected the cell stiffness.  
Taken together, the results suggest that upon sensing the topographic 
cues from the nano-topographical surfaces, MSCs adopted specific 
91 
 
morphology, underwent cytoskeletal reorganization, possibly resulting in 
a change in cellular membrane stiffness, affecting cell-matrix interaction, 
and induced cell aggregation that triggered pre-chondrogenic 
condensation.  Not only was the extent of chondrogenic differentiation 
affected, specific nano-topography can influence the phenotype of 
cartilage formation. Compared to non-patterned PCL surface, nano-pillar 
and nano-hole topography enhanced MSC chondrogenesis and 
facilitated hyaline cartilage formation. MSCs experienced delayed 
chondrogenesis on nano-grill topography and were induced to 
fibro/superficial zone cartilage formation. This study indicates the 
sensitivity and type of MSC differentiation and development to surface 
nano-topography, and highlights the need for more thorough 
investigation into the effects of surface topographies on stem cell 
differentiation.  
 
5.2  The combined effect of substrate elasticity and surface topography 
on chondrogenic differentiation of mesenchymal stem cells  
Extensive studies have been performed to investigate how stem cells 
respond to individual types of microenvironmental cues. Attempts to 
improve the quality of cartilage generated from MSCs has been targeted 
at manipulating the cellular biochemical matrix cues [Bosnakovski et al, 
2004, Wu et al, 2007; Bang et al, 2000; Bosnakovski et al, 2006; 
Varghese et al, 2008], mechanical stiffness of the scaffold material 
[Shieh et al, 2003; Wescoe et al, 2008; Hunter et al, 2002] or surface 
topographical patterning of scaffold [Baker et al, 2010; Xu et al, 2013]. 
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However, it is important to investigate how the complex interplay among 
niche cues collectively influence stem cell fate and function, and to 
elucidate how stem cells respond to interactive niche signals, especially 
at the level of cell-substratum interaction. 
 
The effects of either mechanical [Park et al, 2012; Toh et al, 2012; Bian 
et al, 2013] or topographical cues [Li et al, 2007; Wise et al, 2009; Baker 
et al, 2010; Wood et al, 2012] on cell fate and chondrogenic 
differentiation has been studied.  However, how these two cues 
collectively influence stem cell chondrogenic differentiation remains 
unclear.  The interaction of matrix stiffness on nano-topography was 
reported with randomly oriented nanofibers [Ghosh et al, 2009].  
However, variation in fiber stiffness was achieved by electrospinning, 
forming fibers of different thickness. The added variation in fiber 
dimension would invariably, by itself, influence cell adhesion, 
morphology, proliferation and differentiation [Moroni et al, 2006; Ghosh 
et al, 2009; Shanmugasundaram et al, 2011; Wood et al, 2012], leaving 
uncertainty as to the relevant contribution of these cues on the observed 
cellular response.  
 
Results in Section 4.1 show that MSCs can differentiate to chondrocytes 
with zonal specific properties depending on the nano-topographical 
patterning; with nano-grill inducing formation of fibro/superficial zone-like 
cartilage, and nano-pillar promoting middle/deep zone-like cartilage.  
The contribution by the substrate mechanical cues imparted by surface 
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nano-patterning on MSC differentiation has not been addressed.  In the 
next section, studies were extended to investigate the combined effect of 
substrate topography and mechanical stiffness on directing MSC 
chondrogenesis. To vary the mechanical property of the substrate, 
different polyesters, polycapolactone (PCL), polylactide (PLA) and 
polyglactide (PGA) of varying mechanical stiffness (PCL<PLA<PGA) 
was used.  
 
5.2.1 Optimization of nano-imprinting for different polymers 
Thermal imprinting technology was employed to create precise and 
controlled nano-topographical patterns with the same dimension of either 
grill or pillar patterns on the three polyester films. Although PCL nano-
topographic surfaces was successfully prepared in Section 4.1, the 
different physical properties of the polymeric materials, Glass Transit 
Temperature (Tg), affected the nano-imprinting conditions to fabricate 
intact and homogeneous nano-topographic surfaces. PLA and PGA have 
much higher Tg (45-65°C), than PCL (-55°C). Higher temperature and 
pressure was applied to PLA and PGA polymeric films while lower 
temperature was used for PCL films as higher temperature or longer 
imprinting time may lead to PCL sticking more to mold, making it more 
difficult to demold. SEM images showed that the dimension of nano-
topographies on three polymeric materials were similar, however the 
smoothness of the nano-topographic edges were slightly different. On 
closer look of the SEM images, slight roughness was visible on the PLA 
and PGA nano-topographic feature (more notable on the nano-grill), with 
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small defected surface. This might be caused by the Tg properties of 
polymeric materials.  
 
5.2.2 Interplay of surface mechanical properties and nano-topographies on 
MSC morphology and aggregation  
 Topography was reported to be a key factor for manipulating cell 
morphology and spreading [Yim et al 2010; Li et al, 2013]. Substrate 
stiffness also influences cell morphology. MSCs on soft substrate were 
reported to have less spreading, with fewer stress fibers and weaker cell 
adhesion [Park et al, 2011; Li et al, 2013]. Softer substrate was reported 
to promote stem cells chondrogenesis, by promoting initial cell 
condensation [Ghosh et al, 2009]. This study suggests that MSC 
morphology, and subsequent chondrogenic differentiation outcomes, 
were regulated by the coupled effect of surface topography and 
substrate stiffness (Figure 18). On nano-grill surfaces, MSCs adopted a 
fibroblastic morphology with extensive stress fibers, regardless of 
substratum stiffness, with the formation of aligned aggregated cells. 
Morphology of MSCs on nano-pillars, however, were more sensitive to 
the substrate stiffness; adopting round morphology on the softer PCL 
and PLA which led to cellular condensation, while forming polygonal 
morphology on the stiffer PGA with stress fibers’ length and density 






5.2.3  Interplay of surface mechanical properties and nano-topographies on 
 MSC chondrogenesis 
Functional analysis shows that cellular condensation on the softer nano-
pillars pre-disposed MSCs to form more mature hyaline-like cartilage. 
This is in agreement to reports that implicated the importance of cellular 
condensation in MSC chondrogenic differentiation, pertaining to 
formation of more mature cartilage [Bian et al, 2013; Raghothaman et al, 
2014]. Nano-pillars made from the two softer materials, PCL and PLA, 
enhanced MSC chondrogenesis with the formation of hyaline-like 
cartilage, marked by the high expression of aggrecan and Col 2, 
accompanied by low levels of Col 1 (Figure 20). Up-regulation of mature 
cartilage markers, CILP, COMP and Col 9 characterized the phenotype 
as middle/deep zone cartilage (Figure 21) [Hayes et al, 2007; Coates et 
al, 2010].  Although material stiffness between PCL (25.6 MPa) and PLA 
(82.6 MPa) are significantly different, no significant different in 
differentiation outcomes were detected, albeit a trend of slightly lower 
expression of chondrogenic markers including aggrecan, CILP, COMP 
and Col 9 on the stiffer PLA topography. The effect of nano-pillar induced 
differentiation outcomes was however offset with the stiffest PGA 
material (149.3 MPa), correlating to the formation of more elongated 
polygonal cell morphology on PGA substratum to the round morphology 
on PCL and PLA (Figure 19). Induction of type II collagen was reduced, 
and expression of aggrecan, CILP, COMP and Col 9 was drastically 
reduced. In contrast, expression levels of Col 1 and Col 10 increased on 
PGA nano-pillar, indicative of the formation of a functionally impaired 
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cartilage, signified by the insignificant levels of aggrecan, of mixed 
phenotype with fibro, hyaline and hypertrophic characteristic.  
 
Formation of aggregated elongated MSCs on the softer nano-grills, on 
the other hand, subjected MSCs to form fibro/superficial cartilage [Baker 
et al, 2010]. Nano-grill constructs of all three polymeric materials 
consistently induced high expression of Col 1 with low levels of Col 2 
and the middle/deep zone cartilage markers. On the PCL and PLA nano-
grills, this was accompanied with the induction of aggrecan expression 
and high levels of superficial zone cartilage marker, PRG4, indicates the 
formation of fibro superficial zone-like cartilage.  On the other hand, low 
aggrecan and PRG4 expression on PGA nano-grill indicates the 
formation of non-cartilaginous tissue on the stiffest nano-grill topography.  
 
Substrates of high stiffness reduced ECM formation with formation of 
fibro and hypertrophic cartilage on the stiffest PGA nano-pillar, while 
fibrocartilage tissue resulted from the stiffest nano-grill. These results 
were similar to reports of MSC chondrogenic differentiation in hydrogel 
of tunable mechanical properties. A decrease in matrix output and 
induction of tissue calcification [Bian et al, 2013], and the formation of 
fibrocartilage or fibrous tissues [Toh et al, 2012] has been reported with 
increasing hydrogel stiffness. 
 




MSCs under chondrogeneic medium showed significant higher growth 
rate on nano-grill surfaces than those on nano-pillars. However, unlike 
differentiation, proliferation rates remain similar across all three polymers 
of the same topography (Figure 17).  MSCs on soft substrates have less 
spreading, fewer stress fibers [Park et al, 2011] and have lower 
proliferation rate than MSCs on stiff substrates [Rowlands et al, 2008; 
Evans et al, 2009; Wang et al, 2010].  A recent study on the interactive 
effect of substrate stiffness, topography, and dimension of substrates to 
MSCs suggested that both stiffness and dimension, but not topography, 
affected proliferation [Li et al, 2013]. This is in contrast to our results 
indicating that topographical cues, not stiffness, at least in the range of 
polymer stiffness provided by PCL, PLA and PGA, determines the 
proliferation status of the cells. Cells on nano-grills of all three polymeric 
substratums proliferate at a faster rate than cells on nano pillars, and no 
significance was detected across the same nano-patterns of different 
stiffness. Reports on stiffness effect on stem cells proliferation employed 
stiffness at the range of kPa to less than 5 MPa [Rowlands et al, 2008; 
Evans et al 2009; Wang et al, 2010], much lower than the stiffness range 
used in our study. The adaptation of distinct cell morphology on grill 
verses pillar nano-topography was probably the deciding factor in 
regulating proliferation. In accordance with results in Section 4.1, a 
fibroblastic cell morphology on nano-grill topography promoted cell 
proliferation.   
 




Matrix stiffness regulates MSC differentiation toward bone, muscle or 
neuronal lineages when grown on substrates that are akin to the native 
stiffness of their respective tissues [Englar et al, 2006]. The equilibrium 
compression modulus of an adult cartilage is at ~1 MPa, with dynamic 
compressive stiffness at ~10 MPa. The compressive modulus of the PCL 
and PLA nano-topographies was at the 20 and 80 MPa ranges, well-
above that of the native articular cartilage. The compression stiffness of 
the materials in this study was determined by AFM indentation, applied 
vertically onto the topographic surface.  However, horizontal traction 
force would be exerted by cells upon adhesion and during migration on 
the surface. One would envisage that such traction force would be 
governed by the horizontal bending rigidity of the materials, which would 
differ drastically from the compression modulus obtained by vertical 
exertion, especially so for micro/nano-patterning surfaces.  The study of 
micrometer and submicrometer (2 µm-0.5 µm) pillars showed that the 
axial compression stiffness is much greater (100 folds different) than 
pillar bending rigidity [Ghassemi et al, 2012]. The difference of those 
from grill is not as great, with the bending rigidity 10% that of axial 
compression [Palleau et al, 2013].  It is likely that the bending rigidity of 
nano-pillars for both PCL and PLA materials was at a softer range than 
that of compressive modulus measured. Substrate stiffness would 
determine the degree to which a post bends in response to a horizontal 
traction force exerted by the attached MSCs;  softer PCL and PLA pillars 
would be bent by MSCs allowing the cells to adopt the round 
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morphology akin to the study using elastomeric microposts [Fu et al, 
2010], while rigid PGA pillars would  be less bendable, causing the 
attached MSCs to adopt a spread polygonal shape, governing 
subsequent cytoskeletal re-structuring, intracellular signalling and 
differentiation outcomes that result in different cartilage phenotype. On 
the same note, although no significant difference in morphology was 
detected on cells across all three nano-grill surfaces, differences in 
bending rigidity between PGA to that of PCL and PLA might influence the 
traction force experienced by the adhered MSCs and thus the resulting 
tissue generated.  
 
Taken together, this study has demonstrated that cellular morphology 
can be manipulated with the combined effect of nano-topography and 
material stiffness. Adoption of distinct cellular morphology primed the 
MSCs for subsequent aggregation and cell condensation, leading to 
development of unique tissue phenotypes. This finding can be exploited 
to regulate the differentiation of MSCs towards the appropriate cartilage 
phenotype. Hyaline-like cartilage with middle/deep zone cartilage 
characteristic can be derived on softer nano-pillar surface, and fibro-
superficial zone-like cartilage on softer nano-grill surface.  Nano-pillar of 
stiff material induced a mixed hyaline/fibro/hypertrophic cartilage which 






5.3  In vitro MSC chondrogenesis in 3D rolled-up nano-patterned 
scaffolds and implantation of constructs into a cartilage defect in a 
rat model 
Results from Section 4.1 indicate that MSCs responded distinctly to 
nano-grill and nano-pillar topography patterned on 2D surfaces. MSCs 
seeded onto the 2D nano-patterned PCL film was rolled into a 3D-rolled-
up scaffold (Figure 5). The rolled-up approach was adopted according to 
reported publications, in which nanofibrous membranes were rolled up to 
form 3D structures for cartilage and intervertebral disc tissue engineering 
[Shim et al, 2009; Nerurkar et al, 2010].  In vitro cartilage formation in the 
3D–rolled up nano-patterned scaffold was investigated, in comparison to 
the corresponding 2D system.  The effect of surface nano-topography in 
the 3D construct on in vivo cartilage formation was investigated in a rat 
cartilage defect model.  A rat model was chosen as it is a proven 
cartilage defect model [Liu et al, 2011] for initial validation of tissue 
engineered implant that is time and cost effective.   
 
5.3.1  MSC chondrogenesis in 3D rolled-up scaffold with nano-topographies  
The ability of the specific nano-topographic patterning to induce 
phenotypically unique cartilage formation from MSCs was retained and 
enhanced in the 3D-rolled-up scaffold system.  Formation of hyaline 
middle/deep zone-like cartilage and fibro superficial zone-like cartilage in 
the 3D scaffold with nano-pillar and nano-grill pattern was detected, 
respectively, in vitro (Figure 23 & 24).  The in vitro study also indicated 
that the 3D nano-pillar environment might be more conductive in the 
formation of non-hypertrophy cartilage with the expression of type X 
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collagen being suppressed, in comparison to the 2D counterpart (Figure 
24). 
 
5.3.2  Mechanical properties of 3D constructs affected by ECM deposition 
 and polymer degradation. 
Mechanical and biodegradable properties are two important factors for 
scaffold design in tissue engineering. It is important for scaffolds to 
provide initial mechanical support with properly timed subsequent 
degradation of the scaffolds to allow for the in growth of regenerating 
neo-tissue and development of biomechanical properties that match the 
native tissue [Sundelacruz et al, 2009].  The degradation profiling of the 
PCL polymer showed a steady loss of the polymer, indicated by the 
weight loss measurement (Figure 22), which was further reflected by the 
decrease of construct mechanical strength of the non-cell scaffold in 
Figure 25. The sudden decline in mechanical modulus registered in 
Figure 25 mirrored the dip in molecular weight (Figure 22A). With 
chondrogenic differentiation of MSCs in the 3D constructs, the deposited 
ECM increased the constructs’ mechanical modulus. The high 
mechanical modulus of the nano-pillar construct correlated with the 
increase in aggrecan and collagen type II expression (Figure 23 &24), 
and the up-regulated expression of COMP and Col 9 (Figure 21), which 
mediated enhanced collagen fibril assembly [Blumbach et al, 2009; 
Haleem-Smith et al, 2012], and regulated the anchorage and 
organisation of other matrix macromolecules such as proteoglycans 
[Haleem-Smith et al, 2012], that has been associated with the maturation 
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of the cartilage tissues [Opolka et al, 2007]. The compression modulus 
of nano-pillar, nano-grill and non-patterned 3D constructs, detected at 
week 5, was above that of non-cell scaffold, indicative of extracellular 
matrix deposition from the seeded cells in these 3D scaffolds. The result 
suggests that more matrix was produced in nano-pillar constructs than 
the nano-grill constructs; and thatnano-topographic constructs enhanced 
the matrix materials deposition in general than the construct without 
nano-topography.  
 
5.3.3  In vivo polymer degradation at the cartilage defect site 
In vivo study shows that the implanted PCL scaffolds remained at the 
defect sites 12 weeks post-implantation (Figure 26). The low degradation 
of the scaffold material impeded the integration of the implants with the 
host tissue, indicated by the visible gaps at the lateral and the 
osteochondral junctions, as well as the formation of an integrated 
discontinuous tissue within the defect (Figure 27, 28, 29). The slow 
degradation of the PCL material probably also prevented nutrient 
exchange thus resulting in impaired ECM formation. PCL was selected 
as the materials for 3D scaffold due to its relative ease of fabrication and 
amendable for nano-imprinting; and its known neutral degradation 
products in vivo. The degradation profile of PCL might be applicable for 
big animals or humans in which neo-tissue formation typically requires a 
longer time, up to 6 months. Although based on the known degradation 
rate reports of PCL, typically more than 2 years in vivo [Sun et al, 2006], 
faster degrading materials, such as PLA or PGA, should be considered 
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for in vivo application. 
 
5.3.4  Formation of different zonal cartilage phenotype in 3D nano-
 topographic construct at cartilage defect site 
Despite the poor integration during cartilage repair using the 3D rolled-
up scaffolds as a result of the low degradation rate of PCL in this study, 
in vivo tissue formation at the cartilage defect site indicates that the 
cartilage phenotype biasing effect of the constructs’ nano-pattern was 
maintained to some degree (Figure 29).  A predominantly hyaline-like 
cartilage tissue was induced by the nano-pillar construct compared to 
fibrocartilage deposited with the nano-grill construct. It implied that 
specific nano-topography can guide MSCs to different cartilage 
phenotype development in vivo. With the employment of a material with 
desirable degradation rate reciprocal to that of tissue formation, the 
approach of nano-topographic-induced derivation of cartilage with 












Chapter 6:  Conclusion 
To reproduce a complex and functional tissue, it is crucial to provide a 
biomimetic cellular microenvironment, taking into account not only the 
influence of biochemical cues, but also the physical influence of extracellular 
matrix, including the nano-topographical patterning for cell/matrix 
interaction.  In this study, spatially-controlled nano-topography in the form of 
nano-pillar, nano-hole and nano-grill was patterned onto a polymeric surface 
via thermal nano-imprinting, followed by surface coating with chondroitin 
sulfate. Our results showed that various nano-topographical patterns triggered 
MSC morphology and cytoskeletal structure changes, inducing cell 
aggregation and differentiation and resulted in specific functional outcome. 
Compared to non-patterned PCL surface, MSC adopted a round morphology 
on nano-pillar and nano-hole topography and readily undergo aggregation 
and enhanced MSC chondrogenesis and facilitation of hyaline cartilage 
formation. MSCs on nano-grill, on the other hand, adopted a fibroblastic 
morphology and experienced delayed chondrogenesis and were induced to 
fibrocartilage-like tissue formation.  Differential expression of cartilage 
phenotypic markers further suggested that nano-pillar induced formation of 
middle/deep zone-like cartilage indicated by the upregulated expression of 
CILP, COMP and Col 9, while specific upregulation of Col 1 and PRG4 
indicated that fibro/superficial zone-like cartilage was induced by nano-grill. 
The nano-topographic-directed MSC differentiation in 2D PCL films 
was further enhanced in 3D rolled-up scaffold that featured the nano-pillar and 
nano-grill surface. In vivo study using the 3D PCL scaffold at the cartilage 
defect site indicated that a predominantly hyaline-like cartilage tissue was 
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formed by implantation of the nano-pillar scaffold, compared to formation of 
fibrocartilage-like tissue with the nano-grill scaffold. It implied that specific 
nano-topography can guide MSCs to different cartilage phenotype 
development in vivo. With the employment of a material with desirable 
degradation rate reciprocal to that of tissue formation, the approach of nano-
topographic-induced derivation of cartilage with specific phenotype might be 
possible. 
The interplay between substratum topography and mechanical stiffness 
on directing chondrogenesis was also addressed by creating nano-grill and 
nano pillar of the same dimension on polymeric substratum (PCL, PLA and 
PGA) of varying mechanical stiffness. Our data demonstrated that the 
phenotype of MSC-derived cartilage can be further manipulated by the 
combinatory effect of nano-topography and material stiffness. Hyaline-like 
cartilage with middle/deep zone cartilage characteristic can be derived on 
softer nano-pillar surface, and fibro-superficial zone cartilage on softer nano-
grill surface. Nano-pillar of stiff material induced a mixed 
hyaline/fibro/hypertrophic-like cartilage which might be applicable for a 
transitional osteochondral cartilage. 
This study demonstrated the sensitivity of MSC chondrogenic 
differentiation to the nano-topography and stiffness of the microenvironment. It 
highlights the importance of engineering nano-topographical features into 
scaffold design and the potential of fabricating multiphasic scaffold with 




Chapter 7:  Limitations and Future work 
 
This study established the potential of nano-topography based approaches 
mamipulate the phenotype and tissue properties of MSC based chondrogenic 
outcomes. However, there are some limitations associated with this study. 
 
This study shows that MSC adopted distinct morphology and cytoskeletal 
restructuring. However, the effect on subsequent intracellular signaling that 
direct specific cartilage phenotype formation was not explored.  
Understanding the intracellular molecular mechanism that link extracellular 
triggered response to intracellular signaling perturbation might provide crucial 
information for the derivation of specific cartilage phenotype. 
 
The used of PCL substratum for the 3D scaffold in rat cartilage defect repair 
was not ideal, due to the slow degradation nature of PCL, which impede 
neocartilage formation in situ and integration with the host tissue. To promote 
better integration of the neocartilage tissue within the 3D scaffolds, it is 
essential to tailor for a material with desirable rate of degradation reciprocal to 
that of cartilage tissue formation. A more degradative polymeric substrate 
such as PLA or lower molecule weight PCL (LMW-PCL) might be more 
suitable substratum for promoting neocartilage tissue integration. The full 
potential of alternative substrate as a 3D-rolled-up scaffold material should be 
test for in situ degradation, in vitro differentiation, and in vivo cartilage repair.  
 
Given that MSC responded distinctly to nano-topographic pattern, 
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differentiating to phenotypically specific cartilage, future work should explore 
designing scaffold that consists of biphasic nano-topographic characters to 
induce MSC to different to zonal specific cartilage. 
 
Lastly, the crucial question of the long term effect of nano-topographic 
directed MSC differentiation has not been fully addressed, although the in vivo 
results indicate some degree of topographic-related derivation of different 
cartilage. There is a possibility that cells may react to the surface patterns 
only when they are in direct contact with the surface. As cartilage regeneration 
involves the production of large amounts of ECM, this might limit the effect of 
the patterns to the initial stages of the differentiation. Further work will have to 
fully explore the long-term effect of nano-pattern to MSC differentiation, 









A. D. Augst, H. J. Kong, D. J. Mooney, Alginate Hydrogels as Biomaterials 
Macromol. Biosci. 2006, 6, 623. 
Ahmed TA, Hincke MT., Strategies for articular cartilage lesion repair and 
functional restoration. Tissue Eng Part B Rev 2010;16: 305–329. 
Ayala R, Zhang C, Yang D, Hwang Y, Aung A, Shroff SS, Arce FT, Lal R, Arya 
G, Varghese S. Engineering the cell-material interface for controlling stem cell 
adhesion, migration, and differentiation. Biomaterials 2011; 32: 3700-3711 
B ang OS, Kim EJ, Chung JG, Lee SR, Park TK, Kang SS, Fibronectin- and 
collagen mimetic-ligands regulate bone marrove derived stromal cell in 3 
dimension hydrogel, European Cells and Materials 22 2011 22 168-177 
B osnakovski D, Mizuno M, Kim G, Takagi S, Okumura M, Fujinaga T 
Chondrogenic differentiation of bovine bone marrow mesenchymal stem cells 
(MSCs) in different hydrogels: influence of collagen type II extracellular matrix 
on MSC chondrogenesis. Biotechnol Bioeng 2006, 93: 1152-1163 
B. K. Mann, R. H. Schmedlen, J. L. West, Tethered-TGF-beta increases 
extracellular matrix production of vascular smooth muscle cells. Biomaterials 
2001, 22, 439. 
Bahney CS, Hsu CW, Yoo JU, West JL, Johnstone B., A bioresponsive 
hydrogeltuned to chondrogenesis of human mesenchymal stem cells. FASEB 
J. 2011 25 (5):1486-96.  
Baker, B. M.; Nathan, A. S.; Gee, A. O.; Mauck, R. L. The Influence of an 
Aligned Nanofibrous Topography on Human Mesenchymal Stem Cell 
Fibrochondrogenesis. Biomaterials 2010, 31, 6190-6200. 
Balakrishnan, B.; Banerjee, R. Biopolymer-based hydrogels for cartilage 
tissue engineering. Chem. Rev. 2011, 111, 4453–4474. 
Barbucci R, Torricelli P, Fini M, Pasqui D, Favia P, Sardella E, d'Agostino 
R, Giardino R., Proliferative and re-defferentiative effects of photo-immobilized 
micro-patterned hyaluronan surfaces on chondrocyte cells. Biomaterials, 2005, 
26(36): 7596-605. 
Barry JJ, Gidda HS, Scotchford CA, Howdle SM, Porous methacrylate 
scaffolds: supercritical fluid fabrication and in vitro chondrocyte responses. 
Biomaterials, 2004, 25(17): 3559-68. 
Bedi A, Feeley BT, Williams RJ 3rd Management of articular cartilage defects 
of the knee. J Bone Joint Surg Am 2010 92: 994-1009. 
Benoit DS, Schwartz MP, Durney AR, Anseth KS. Small functional groups for 
controlled differentiation of hydrogel-encapsulated human mesenchymal stem 
109 
 
cells. Nat Mater 2008; 7:816-823. 
Benthien JP, Schwaninger M, Behrens P We do not have evidence based 
methods for the treatment of cartilage defects in the knee. Knee Surg Sports 
Traumatol Arthrosc 2010 19: 543-552.  
Benya PD, Shaffer JD. Dedifferentiated chondrocytes re-express the 
differentiated collagen phenotype when cultured in agarose gels, Cell 
1982;30:215-224 
Berry, C.C., et al., The influence of microscale topography on fibroblast 
attachment and motility. Biomaterials, 2004. 25(26): p. 5781-5788. 
Bian L, Guvendiren M, Mauck RL, Burdick JA. Hydrogels that mimic 
developmentally relevant matrix and N-cadherin interactions enhance MSC 
chondrogenesis. ProcNatlAcadSci U S A. 2013b 18;110(25):10117-22. 
 
Bian L, Hou C, Tous E, Rai R, Mauck RL, Burdick JA. The influence of 
hyaluronic acid hydrogel crosslinking density and macromolecular diffusivity 
on human MSC chondrogenesis and hypertrophy. Biomaterials 2013a 34 413-
21. 
 
Bian L, Zhai DY, Tous E, Rai R, Mauck RL, Burdick JA. Enhanced MSC 
chondrogenesis following delivery of TGF-β3 from alginate microspheres 
within hyaluronic acid hydrogels in vitro and in vivo.  Biomaterials 2011 32 
6425-34 
Blumbach K, Bastiaansen-Jenniskens YM, DeGroot J, Paulsson M, van Osch 
GJVM, Zaucke F. Combined role of type IX collagen and cartilage oligomeric 
matrix protein in cartilage matrix assembly: Cartilage oligomeric matrix protein 
counteracts type IX collagen-Induced limitation of cartilage collagen fibril 
growth in mouse chondrocyte cultures. Arthritis Rheum 2009; 60:3676-85. 
Bonassar, L. J., Grodzinsky, A. J., Frank, E. H., Davila, S. G., Bhaktav, N. R., 
& Trippel, S. B. The effect of dynamic compression on the response of 
articular cartilage to insulin-like growth factor-I. Journal of Orthopaedic 
Research, 2001, 19, 11–17. 
Bouffi C, Thomas O, Bony C, Giteau A, Venier-Julienne MC, Jorgensen C, 
Montero-Menei C, and Noel D. The role of pharmacologically active 
microcarriers releasing TGF-beta3 in cartilage formation in vivo by 
mesenchymal stem cells. Biomaterials 2010.31, 6485,  
Brama PA, Holopainen J, van Weeren PR ,Effect of loading on the 
organization of the collagen fibril network in juvenile equine articular cartilage. 
J Orthop Res 2009; 27(9): 1226–1234  
Brammer KS, Oh S, Frandsen CJ, Varghese S, Jin S. Nanotube surface 




Brittberg M, Nilsson A, Lindahl A, Ohlsson C, Peterson L, Rabbit articular 
cartilage defects treated with autologous cultured chondrocytes. Clin Orthop 
Relat Res, 1996(326): 270-83 
Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L: 
 Treatment of deep cartilage defects in the knee 
with autologous chondrocyte transplantation. N Engl J Med 1994, 331:889-895 
Bryant, S.J., J.A. Arthur, and K.S. Anseth, Incorporation of tissue-specific 
molecules alters chondrocyte metabolism and gene expression in 
photocrosslinked hydrogels. Acta Biomater, 2005. 1(2): p. 243-52. 
Bryant, S.J.; Anseth, K.S. Hydrogel properties influence ECM production by 
chondrocytes PHotoencapsulated in poly (ethylene glycol) hydrogels. J. 
Biomed. Mater. Res. 2002, 59, 63–72. 
Buckwalter JA, Mow VC, Ratcliffe A: Restoration of injured or degenerated 
articular cartilage. J Am Acad Orthop Surg. 1994;2 (4):192-201 
Buckwalter JA, Mankin HJ, Grodzinsky AJ. Articular cartilage and steoarthritis. 
Instr Course Lect. 2005 54 465-80. 
Campbell, J. J., Lee, D. A., & Bader, D. L. Dynamic compressive strain 
inﬂuences chondrogenic gene expression in human mesenchymal stem cells. 
Biorheology, (2006).43, 455–470. 
Caplan AI. Adult mesenchymal stem cells for tissue engineering versus 
regenerative medicine.J Cell Physiol 2007 213(2):341-7. (Review). 
Caplan AI. Mesenchymal stem cells: Cell-based reconstructive therapy in 
orthopedics. Tissue Engineering 2005;11:1198-1211. 
Castro-Malaspina H, Gay RE, Resnick, G.  Characterization of human bone 
marrow fibroblast colony-forming cells(CFU-F) and their progeny. Blood 1986; 
56:289−301. 
Centeno CJ, Busse D, Kisiday J, Keohan C, Freeman M, Karli D.  Increased 
knee cartilage volume in degenerative joint disease using percutaneously 
implanted, autologous mesenchymal stem cells.Pain Physician 2008 
11(3):343-53. 
Chang KY, Hung LH, Chu IM, Ko CS, Lee YD. The application of Type II 
collagen and chondroitin sulfate grafted PCL porous scaffold in cartilage 
tissue engineering. J of Biomed Materials Res Part A 2010;92A:712-723. 
Chang, C.H.; Lin, F.H; Kuo, T.F.; Liu, H.C. Cartilage tissue engineering. 
Biomed. Eng. Appl. Basis Comm. 2005, 17, 1–11. 
Chen CW, Tsai YH, Deng WP, Shih SN, Fang CL, Burch JG, Chen WH, Lai 
WF. Type I and II collagen regulation of chondrogenic differentiation by 
mesenchymal progenitor cells.J Orthop Res 2005 23(2):446-53. 
111 
 
Chen J, Chen H, Li P, et al.  Simultaneous regeneration of articular cartilage 
and subchondral bone in vivo using MSCs induced by a spatially controlled 
gene delivery system in bilayered integrated scaffolds. Biomaterials 
2011;32:4793-805. 
 
Christoph Erggelet, Katja Neumann, Michaela Endres, Kathrin Haberstroh, 
Michael Sittinger, Christian Kaps,  Regeneration of ovine articular cartilage 
defects by cell-free polymer-based implants. Biomaterials, 2007 28(36): p. 
5570-80 
Clark, P., et al., Topographical control of cell behaviour. I. Simple step cues. 
Development, 1987. 99(3): p. 439-48. 
Clark, P., et al., Topographical control of cell behaviour: II. Multiple grooved 
substrata. Development, 1990. 108(4): p. 635-44. 
Coates EE, Riggin CN, Fisher JP. Matrix molecule influence on chondrocyte 
phenotype and proteoglycan 4 expressions by alginate-embedded zonal 
chondrocytes and mesenchymal stem cells. J Orthop Res 2012 30(12):1886–
1897 
Cobun JM, Gibson M, Monagle S, Patterson Z, Elisseeff JH. Bioinspired 
nanofibers support chondrogenesis for articular cartilage repair. Proc. Natl 
Acad. Sci. USA 2012 109(25), 10012–10017  
Connelly JT, García AJ, Levenston ME. Interactions between integrin ligand 
density and cytoskeletal integrity regulate BMSC chondrogenesis. J Cell 
Physiol 2008;217:145-54. 
Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, Andriolo G, Sun 
B, Zheng B, Zhang L, Norotte C, Teng PN, Traas J, Schugar R, Deasy 
BM, Badylak S, Buhring HJ, Giacobino JP, Lazzari L, Huard J, Péault B. A 
perivascular origin for mesenchymal stem cells in multiple human organs. Cell 
Stem Cell 2008 3, 301-313. 
Curl WW, Krome J, Gordon ES, Rushing J, Smith BP, Poehling GG, Catilarge 
Injures: A review of 31516 knee anthroscopies, J. Anthrosc. rel. surg. 1997:13 
456 
Curtis A, Wilkinson C. New depths in cell behaviour: reactions of cells to 
nanotopography. In: Lackie JM, Dunn GA, Jones GE, editors. Cell Behaviour: 
Control and Mechanism of Motility 1999. p. 15-26. 
Curtis ASG, Varde M. Control of Cell Behavior - Topological Factors. Journal 
of the National Cancer Institute 1964;33:15-26. 
Curtis, A. and C. Wilkinson, Topographical control of cells. Biomaterials, 1997. 
18(24): p. 1573-83. 
Dalby MJ, Gadegaard N, Herzyk P, Agheli H, Sutherland DS, Wilkinson CDW. 
Group analysis of regulation of fibroblast genome on low-adhesion 
nanostructures. Biomaterials 2007;28:1761-1769 
112 
 
Dalby MJ, McCloy D, Robertson M, Agheli H, Sutherland D, Affrossman S, et 
al. Osteoprogenitor response to semi-ordered and random nanotopographies. 
Biomaterials 2006;27:2980-2987. 
Dalby, M.J., et al., Attempted endocytosis of nano-environment produced by 
colloidal lithography by human fibroblasts. Experimental cell research, 2004. 
295(2): p. 387-94. 
Dalby, M.J., et al., In vitro reaction of endothelial cells to polymer demixed 
nanotopography. Biomaterials, 2002a. 23(14): p. 2945-54. 
Dalby, M.J., et al., Increasing fibroblast response to materials using 
nanotopography: morphological and genetic measurements of cell response 
to 13-nm-high polymer demixed islands. Experimental cell research, 2002c. 
276(1): p. 1-9. 
Dalby, M.J., et al., Nanotopographical stimulation of mechanotransduction and 
changes in interphase centromere positioning. Journal of cellular biochemistry, 
2007. 100(2): p. 326-38. 
Dalby, M.J., et al., Nucleus alignment and cell signaling in fibroblasts: 
response to a micro-grooved topography. Experimental cell research, 2003. 
284(2): p. 274-82. 
Dalby, M.J., et al., Polymer-demixed nanotopography: Control of fibroblast 
spreading and proliferation. Tissue engineering, 2002b. 8(6): p. 1099-1108. 
Dang, J.M. and K.W. Leong, Myogenic Induction of Aligned Mesenchymal 
Stem Cell Sheets by Culture on Thermally Responsive Electrospun 
Nanofibers. Advanced materials, 2007. 19(19): p. 2775-2779. 
Darling EM, Athanasiou KA.; Rapid phenotypic changes in passaged articular 
chondrocyte subpopulations. J Orthop Res 2005b 23(2): 425–432 
Darling EM, Athanasiou KA.; Retaining zonal chondrocyte phenotype by 
means of novel growth environments. Tissue Eng 2005a 11(3-4): 395–403. 
Darling, E. M., & Athanasiou, K. A.. Articular cartilage bioreactors and 
bioprocesses. Tissue Engineering,  2003  9, 9–26. 
Darwis D, Mitomo H, Yoshii F. Degradability of radiation crosslinked PCL in 
the supercooled state under various environments. Polymer Degradation and 
Stability 1999;65:279-285. 
Davisson, T., Sah, R. L., & Ratcliffe, A. Perfusion increases cell content and 
matrix synthesis in chondrocyte three-dimensional cultures. Tissue 
Engineering,  2002  8, 807–816. 
Davisson, T., Sah, R. L., & Ratcliffe, A. Perfusion increases cell content and 
matrix synthesis in chondrocyte three-dimensional cultures. Tissue 
Engineering, 2002, 8, 807–816. 
113 
 
De Bari C, Dell'Accio F, Luyten FP. Failure of in vitro-differentiated 
mesenchymal stem cells from the synovial membrane to form ectopic stable 
cartilage in vivo. Arthritis Rheum 2004;50:142-50. 
De Bari, C., Dell Accio, F., Tylzanowski, P. & Luyten, F. P. Multipotent 
mesenchymal stem cells from adult human synovial membrane. Arthritis 
Rheum. 2001 44, 1928-1942 . 
De Gennes, P.G. Wetting: statics and dynamics Reviews of Modern Physics, 
1985 57: 827–863 
De Witt, M. T., Handley, C. J., Oakes, B. W., & Lowther, D. A. In vitro response 
of chondrocytes to mechanical loading. The effect of short term mechanical 
tension. Connective Tissue Research, 1984 12, 97–109. 
Defail, A.J., Chu, C.R., Izzo, N., and Marra, K.G. Controlled release of 
bioactive TGF-beta(1) from microspheres embedded within biodegradable 
hydrogels. Biomaterials 2006. 27, 1579,  
Delorme, B. & Charbord, P. Culture and characterization of human bone 
marrow mesenchymal stem cells. Methods Mol. Med. 2007 140, 67-81  
Dickhut A, Pelttari K, Janicki P, Wagner W, Eckstein V, Egermann M, et 
al.Calcification or dedifferentiation: requirement to lock mesenchymal stem 
cells in a desired differentiation stage.J Cell Physiol 2009;219:219-26. 
Dragoo JL, Carlson G, McCormick F, Khan-Farooqi H, Zhu M, Zuk PA, 
Benhaim P. Healing full-thickness cartilage defects using adipose-derived 
stem cells. Tissue Eng 2007 13:1615.  
Elisseeff J, McIntosh W, Anseth K, Riley S, Ragan P, Langer R., 
Photoencapsulation of chondrocytes in poly(ethylene oxide)-based semi-
interpenetrating networks. J Biomed Mater Res, 2000. 51(2): 164-71. 
Elisseeff JH, Lee HJ, Yu C, Chansakul T, Hwang NS, Varghese S, Yu SM. 
Enhanced chondrogenesis of mesenchymal stem cells in collagen mimetic 
peptide-mediated microenvironment. Tissue Eng Part A 2008;14:1843-1851. 
Engel, E., et al., Mesenchymal stem cell differentiation on microstructured 
poly (methyl methacrylate) substrates. Annals of anatomy = Anatomischer 
Anzeiger : official organ of the Anatomische Gesellschaft, 2009. 191(1): p. 
136-44. 
Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell 
lineage specification. Cell 2006;126:677–689. 
 
Erggelet C, Endres M, Neumann K, Morawietz L, Ringe J, Haberstroh 
K, Sittinger M, Kaps C., Regeneration of ovine articular cartilage defects by 
cell-free polymer-based implants. Biomaterials, 2007. 28(36):  5570-80. 
114 
 
Etienne Palleau, Daniel Morales, Michael D. Dickey Or, in D. Velev; 
Reversible patterning and actuation of hydrogels by electrically assisted 
ionoprinting, Nature Communications 2013 4,2257 
Evans ND, Minelli C, Gentleman E, LaPointe V, Patankar SN, Kallivretaki M, 
et al. Substrate stiffness affects early differentiation events in embryonic stem 
cells. Eur Cells Mater 2009;18:1-14. 
Eyre DR, Pietka T, Weis MA, Wu JJ Covalent cross-linking of the NC1 domain 
of collagen type IX to collagen type II in cartilage J Biol Chem  2004 279: 
2568-2574. 
Fan H, Hu Y, Zhang C, Li X, Lv R, Qin L, Zhu R. Cartilage regeneration using 
mesenchymal stem cells and a PLGA-gelatin/chondroitin/hyaluronate hybrid 
scaffold. Biomaterials 2006 27(26):4573-80. 
Fedorovich NE, Alblas J, de Wijn JR, Hennink WE, Verbout AJ, Dhert WJA. 
Hydrogels as extracellular matrices for skeletal tissue engineering: State-of-
the-art and novel application in organ printing. Tissue Eng 2007;13:1905-1925 
Fiedler, J., et al., The effect of substrate surface nanotopography on the 
behavior of multipotnent mesenchymal stromal cells and osteoblasts. 
Biomaterials, 2013. 34(35): p. 8851-8859. 
Flemming, R.G., et al., Effects of synthetic micro- and nano-structured 
surfaces on cell behavior. Biomaterials, 1999. 20(6): p. 573-88. 
Flik KR, Verma N, Cole BJ, Bach BR. Articular cartilage; structure, biology, 
and function. In: Williams RJ III, ed. Cartilage repair strategies. Totowa, NJ: 
Humana Press; 2007:1-12.(Book) 
Frank, E. H., Jin, M., Loening, A. M., Levenston, M. E., & Grodzinsky, A. J. A 
versatile shear and compression apparatus for mechanical stimulation of 
tissue culture explants. Journal of Biomechanics, 2000, 33, 1523–1527. 
Friedenstein, A. J., Chailakhjan, R. K. & Lalykina, K. S. The development of 
fibroblast colonies in monolayer cultures of guinea-pig bone marrow and 
spleen cells. Cell Tissue Kinet. 1970 3, 393-403  
Fu J, Wang YK, Yang MT, Desai RA, Yu X, Liu Z, Chen CS. Mechanical 
regulation of cell function with geometrically modulated elastomeric substrates. 
Nat Methods. 2010;7(9):733-6. 
Gallagher, J.O., et al., Interaction of animal cells with ordered nanotopography. 
IEEE transactions on nanobioscience, 2002. 1(1): p. 24-8. 
Gao L, McBeath R, Chen CS. Stem cell shape regulates a chondrogenic 




Ghosh S, Laha M, Mondal S, Sengupta S, Kaplan DL. In vitro model of 
mesenchymal condensation during chondrogenic development. Biomaterials. 
2009;30(33):6530-40. 
Gimble, J. M., Katz, A. J. & Bunnell, B. A. Adipose-derived stem cells for 
regenerative medicine. Circ. Res. 2007 100, 1249-1260 
Goldring MB, Tsuchimochi K, Ijiri, K The Control of Chondrogenesis. J of Cell 
Biochem 2006;97:33-44. 
Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS. Control of 
stem cell fate by physical interactions with the extracellular matrix. Cell Stem 
Cell 2009;5:17-26.  
Guo X, Wang C, Zhang Y, Xia R, Hu M, Duan C, Zhao Q, Dong L, Lu J, Qing 
Song Y. Repair of large articular cartilage defects with implants of autologous 
mesenchymal stem cells seeded into beta-tricalcium phosphate in a sheep 
model.Tissue Eng 2004, 10(11-12):1818-29. 
Guvendiren, M. and J.A. Burdick, Stem cell response to spatially and 
temporally displayed and reversible surface topography. Advanced healthcare 
materials, 2013. 2(1): p. 155-64. 
Haleem-Smith H, Calderon R, Song Y, Tuan RS, Chen FH. Cartilage 
oligomeric matrix protein enhances matrix assembly during chondrogenesis of 
human mesenchymal stem cells. J Cell Biochem 2012;113:1245-52. 
Hao T, Wen N, Cao JK, Wang HB, Lü SH, Liu T, Lin QX, Duan CM, Wang CY, 
The support of matrix accumulation and the promotion of sheep articular 
cartilage defects repair in vivo by chitosan hydrogels. Osteoarthritis Cartilage, 
2009. 
Hayes AJ, Hall A, Brown L, Tubo R, Caterson B. Macromolecular organization 
and in vitro growth characteristics of scaffold-free neocartilage grafts. J 
Histochem Cytochem. 2007;55(8):853-66 
Hayes, W. F., & Mockros, L. F. Viscoelastic properties of human articular 
cartilage. J Appl Physiol, 1971, 31(4), 562-568.  
Hecht JT, Nelson LD, Crowder E, Mutations in exon 17B of cartilage 
oligomeric matrix protein (COMP) cause pseudoachondroplasia  Nat. 
Genet 1995 10 (3): 325–9 
Heijink Andras, Andreas H. Gomoll, C. Niek Van Dijk, Biomechanical 
considerations in the pathogenesis of osteoarthritis of the knee. Knee Surg 
Sports Traumatol Arthrosc, 2012; 20(3): 423-35. 
Heinegard, D., Proteoglycans and more--from molecules to biology  Int J Exp 
Pathol, 2009; 90(6): 575-86. 
 
Herget GW, Kassa M, Riede UN, Lu Y, Brethner L, Hasse J. Experimental 
116 
 
use of an albumin-glutaraldehyde tissue adhesive for sealing pulmonary 
parenchyma and bronchial anastomoses. Eur J Cardiothorac Surg 2001;19:4–
9. 
Hidaka C, Cheng C, Alexandre D ; Maturational differences in superficial and 
deep zone articular chondrocytes. Cell Tissue Res 2006 323(1): 127–135. 
Homicz MR, Schumacher BL, Sah RL, Watson D. Effects of serial expansion 
of septal chondrocytes on tissue-engineered neocartilage composition. 
Otolaryngology-Head and Neck Surgery 2002;127:398-408. 
Hu X, Ma L, Wang C, Gao C, Gelatin hydrogel prepared by photo-initiated 
polymerization and loaded with TGF-beta1 for cartilage tissue engineering 
Macromol Biosci, 2009. 9(12): 1194-201. 
Hu, X., et al., The influence of elasticity and surface roughness on myogenic 
and osteogenic-differentiation of cells on silk-elastin biomaterials. Biomaterials, 
2011. 32(34): p. 8979-89. 
Huang A.H., Farrell M.J., and Mauck R.L. Mechanics and mechanobiology of 
mesenchymal stem cell-based engineered cartilage J Biomech 2010a;43:128. 
Huang AH, Baker BM, Ateshian GA, Mauck RL. Sliding contact loading 
enhances the tensile properties of mesenchymal stem cell-seeded 
hydrogels. Eur Cell Mater.2012;4:29–45. 
Huang AH, Stein A, Mauck RL. Evaluation of the complex transcriptional 
topography of mesenchymal stem cell chondrogenesis for cartilage tissue 
engineering.Tissue Eng Part A. 2010b;16(9):2699-708.  
Huang, C. Y. C., Hagar, K. L., Frost, L. E., Sun, Y. and Cheung, H. S. Effects 
of cyclic compressive loading on chondrogenesis of rabbit bone-marrow 
derived mesenchymal stem cells. Stem Cells 2004, 22(3): 313-323.  
Huang, C. Y. C., Reuben, P. M. and Cheung, H. S. (2005). Temporal 
expression patterns and corresponding protein inductions of early responsive 
genes in rabbit bone marrow-derived mesenchymal stem cells under cyclic 
compressive loading. Stem Cells 2005, 23(8): 1113-1121. 
Huch K, Mordstein V, Stöve J, Nerlich AG, Amholdt H, Delling G, Puhl W, 
Günther KP, Brenner RE. Expression of collagen type I, II, X and Ki-67 in 
osteochondroma compared to human growth plate cartilage. Eur J Histochem. 
2002;46(3):249-58. 
Hunter, C. J., Imler, S. M., Malaviya, P., Nerem, R. M., & Levenston, M. E. 
Mechanical compression alters gene expression and extracellular matrix 
synthesis by chondrocytes cultured in collagen I gels. Biomaterials, 2002, 23, 
1249–1259. 
Hunziker EB Articular cartilage repair: basic science and clinical progress. A 




Hunziker EB, Quinn TM, Hauselmann HJ. Quantitative structural organization 
of normal adult human articular cartilage. Osteoarthritis Cartilage 2002b; 10(7): 
564–572 
Hutmacher, D.W. Scaffolds in tissue engineering bone and cartilage 
Biomaterials 2000, 21, 2529–2543. 
Ichiro Takahashi,  Fumie Terao,  Taisuke Masuda,  Yasuyuki Sasano,   Osamu 
Suzuki,    Teruko Takano-Yamamoto, Mechanical stretch inhibits 
chondrogenesis through ERK-1/2 phosphorylation in micromass culture, 
Interface Oral Health Science 2007, 161-166 
Ito Y, Ochi M, Adachi N, Sugawara K, Yanada S, Ikada Y, Ronakorn P: 
Repair of osteochondral defect with tissue-engineered chondral plug in a 
rabbit model. Arthroscopy 2005, 21:1155 
Ito Y, Adachi N, Nakamae A, Yanada S, Ochi M, Transplantation of tissue-
engineered osteochondral plug using cultured chondrocytes and 
interconnected porous calcium hydroxyapatite ceramic cylindrical plugs to 
treat osteochondral defects in a rabbit model. Artif Organs, 2008. 32(1):  36-
44. 
J. F. Guo, G. W. Jourdian, D. K. MacCallum, Culture and growth 
characteristics of chondrocytes encapsulated in alginate beads Connect. 
Tissue Res. 1989, 19, 277 
Jay GD et al. Lubricin is a product of megakaryocyte stimulating factor gene 
expression by human synovial fibroblasts. J Rheumatol 2000.  27 (3): 594–
600.  
Jian-Wei X, Randolph MA, Peretti GM, Nazzal JA, Roses RE, Morse 
KR, Yaremchuk MJ, Producing a flexible tissue-engineered cartilage 
framework using expanded polytetrafluoroethylene membrane as a 
pseudoperichondrium. Plast Reconstr Surg, 2005. 116(2): 577-89. 
Jin, M., Frank, E. H., Quinn, T. M., Hunziker, E. B., & Grod-zinsky, A. J. Tissue 
shear deformation stimulates proteoglycan and protein biosynthesis in bovine 
cartilage explants. Archives of Biochemistry and Biophysics, 2001 395, 41–48. 
Johnstone B., Hering TM, Caplan AI, Goldberg, VM, Yoo JU. In vitro 
chondrogenesis of bone marrow-derived mesenchymal progenitor cells. Exp 
Cell Res 1998;238:265-272. 
Jorgensen C, Gordeladze J, Noel D. Tissue engineering through autologous 
mesenchymal stem cells. Current Opinion in Biotechnology 2004;15:406-410. 
Jung Y, Kim SH, Kim SH, Kim YH, Xie J, Matsuda T, Min BG. Cartilaginous 
tissue formation using a mechano-active scaffold and dynamic compressive 
stimulation. J Biomater Sci Polym Ed 2008;19:61-74. 
Jurgensen K, Aeschlimann D, Cavin V, Genge M, Hunziker EB. A new 
biological glue for cartilage-cartilage interfaces: tissue transglutaminase. J 
118 
 
Bone Joint Surg Am 1997; 79:185–193. 
Jurvelin JS, Müller DJ, Wong M, Studer D, Engel A, Hunziker EB. Surface and 
subsurface morphology of bovine humeral articular cartilage as assessed by 
atomic force and transmission electron microscopy. J Struct Biol. 1996 Jul-
Aug;117(1):45-54 
Kang Y, Yang J, Khan S, Anissian L, Ameer GA., A new biodegradable 
polyester elastomer for cartilage tissue engineering. J Biomed Mater Res A, 
2006. 77(2):  331-9. 
Kantawong, F., et al., Proteomic analysis of human osteoprogenitor response 
to disordered nanotopography. Journal of the Royal Society, Interface / the 
Royal Society, 2009. 6(40): p. 1075-86. 
Kempson, G. F., Muir, H., Swanson, S. A., & Freeman, M. A. Correlations 
between stiffness and the chemical constituents of cartilage on the human 
femoral head. Biochim Biophys Acta, 1970, 215(1), 70-77. 
Khashan M, Chechik O, Arbel R, Morag G The treatment of focal chondral 
lesions of the knee. Harefuah 2010 149: 542-546, 549.  
Kim D, Kim J, Kang SS, Jin EJ. Transforming growth factor-beta 3-induced 
smad signaling regulates actin reorganization during chondrogenesis of chick 
leg bud mesenchymal cells. J of Cell Biochem 2009;107:622-629. 
Kim, S.H., J. Turnbull, and S. Guimond, Extracellular matrix and cell signalling: 
the dynamic cooperation of integrin, proteoglycan and growth factor receptor. 
J Endocrinol, 2011; 209(2):139-51. 
Kim, Y. J., Bonassar, L. J., & Grodzinsky, A. J. The role of cartilage streaming 
potential, ﬂuid ﬂow and pressure in the stimulation of chondrocyte 
biosynthesis during dynamic com-pression. Journal of Biomechanics, 1995 28, 
1055–1066. 
Klein TJ, Malda J, Sah RL, Hutmacher DW. Tissue engineering of articular 
cartilage with biomimetic zones. Tissue Eng Part B Res 2009;15:143–157. 
Kock L, van Donkelaar CC, Ito K. Tissue engineering of functional articular 
cartilage: the current status. Cell Tissue Res.347(3), 2012 613–627. 
Kulangara, K., et al., Nanotopography as modulator of human mesenchymal 
stem cell function. Biomaterials, 2012. 33(20): p. 4998-5003. 
Kumar D, Lassar AB. The transcriptional activity of Sox9 in chondrocytes is 
regulated by rhoA signaling and actin polymerization. Mol Cell Biol 
2009;29:4262-4273. 
Kuroda R, Ishida K, Matsumoto T, Akisue T, Fujioka H, Mizuno K, Ohgushi H, 
Wakitani S, Kurosaka M. Treatment of a full-thickness articular cartilage defect 
in the femoral condyle of an athlete with autologous bone-marrow stromal 
cells.Osteoarthritis Cartilage 2007 15(2):226-31.  
119 
 
Lee CR, Grad S, Gorna K, Gogolewski S, Goessl A, Alini M, Fibrin-
polyurethane composites for articular cartilage tissue engineering: a 
preliminary analysis. Tissue Eng, 2005. 11(9-10): 1562-73 
Lee JC, Lee SY, Min HJ, Han SA, Jang J, Lee S, Seong SC, Lee 
MC.Synovium-derived mesenchymal stem cells encapsulated in a novel 
injectable gel can repair osteochondral defects in a rabbit model. Tissue Eng 
Part A. 2012 ;18(19-20):2173-86. 
Lee KB, Hui JH, Song IC, Ardany L, Lee EH. Injectable mesenchymal stem 
cell therapy for large cartilage defects--a porcine model.Stem Cells 2007 
25(11):2964-71.  
Li Q, Lee G, Ong C, Lim C. Probing the elasticity of breast cancer cells using 
AFM; ICBME 2009, Proceedings 23, pp. 2122–2125. 
Li WJ, Mauck RL, Cooper JA, Yuan X, Tuan RS. Engineering controllable 
anisotropy in electrospun biodegradable nanofibrous scaffolds for 
musculoskeletal tissue engineering. J of Biomech 2007;40:1686-1693. 
Li WJ, Chiang H, Kuo TF, Lee HS, Jiang CC, Tuan RS, Evaluation of articular 
cartilage repair using biodegradable nanofibrous scaffolds in a swine model: a 
pilot study. J Tissue Eng Regen Med, 2009. 3(1): 1-10. 
Li Z, Gong Y, Sun S, Du Y, Lü D, Liu X, Long M. Differential regulation of 
stiffness, topography, and dimension of substrates in rat mesenchymal stem 
cells. Biomaterials. 2013 34(31):7616-25. 
Lim C T, Zhou E H, Quek S T. Mechanical models for living cells-a review. 
Journal of Biomechanics 2006;39:195-216 
Lin Han, Alan J. Grodzinsky, and Christine Ortiz, Nanomechanics of the 
Cartilage Extracellular Matrix, Annual Review of Materials Research, 2011. 
41:133–68 
Lu Z, Zandieh-Doulabi B, Huang C, Bank RA, Helder M. Collagen Type II 
Enhances Chondrogenesis in Adipose Tissue-Derived Stem Cells by affecting 
cell shape. Tissue Eng Part A. 2010 Jan;16(1):81-90. 
Madry H, Rey-Rico A, Venkatesan JK, Johnstone B, Cucchiarini M. 
Transforming Growth Factor Beta-Releasing Scaffolds for Cartilage Tissue 
Engineering. Tissue Eng Part B Rev. 2013 Aug 12.  
Mahmood TA, Shastri VP, van Blitterswijk CA, Langer R, Riesle J., Tissue 
engineering of bovine articular cartilage within porous poly(ether ester) 
copolymer scaffolds with different structures. Tissue Eng. 2005. 11(7-8): 1244-
53 
Marklein RA, Burdick JA. Controlling stem cell fate with material design. Adv 
Materials 2010;22:175-189. 
Martin, I., Obradovic, B., Treppo, S., Grodzinsky, A. J., Langer, R., Freed, L. E., 
120 
 
et al. Modulation of the mechanical properties of tissue engineered cartilage. 
Biorheology, 2000 37, 141– 147. 
Martinez, E., et al., Effects of artificial micro- and nano-structured surfaces on 
cell behaviour. Annals of anatomy = Anatomischer Anzeiger : official organ of 
the Anatomische Gesellschaft, 2009. 191(1): p. 126-35. 
Martino, S., et al., Hydrogenated amorphous carbon nanopatterned film 
designs drive human bone marrow mesenchymal stem cell cytoskeleton 
architecture. Tissue engineering. Part A, 2009. 15(10): p. 3139-49. 
Matsumoto T, Okabe T, Ikawa T, Iida T, Yasuda H, Nakamura H, Wakitani S 
Articular cartilage repair with autologous bone marrow mesenchymal cells. J. 
Cell. Physiol. 2010 225, 291-295  
Mauck, R. L., Yuan, X., & Tuan, R. S. Chondrogenic differentiation and 
functional maturation of bovine mesenchymal stem cells in long-term agarose 
culture. Osteo-arthritis and Cartilage, 2006 14, 179–189. 
McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape, 
cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev 
Cell 2004;6:483-495. 
Mercier, N.R., et al., Poly(lactide-co-glycolide) microspheres as a moldable 
scaffold for cartilage tissue engineering. Biomaterials, 2005. 26(14): 1945-52. 
Mimura T, Imai S, Kubo M, Isoya E, Ando K, Okumura N, Matsusue Y. A novel 
exogenous concentration-gradient collagen scaffold Osteoarthritis Cartilage 
2008;16:1083-1091. 
Moroni L, Licht R, de Boer J, de Wijn JR, van Blitterswijk CA. Fiber diameter 
and texture of electrospun PEOT/PBT scaffolds influence human 
mesenchymal stem cell proliferation and morphology, and the release of 
incorporated compounds. Biomaterials. 2006 Oct;27(28):4911-22. 
Moutos FT, Freed LE, Guilak F. A biomimetic three-dimensional woven 
composite scaffold for functional tissue engineering of cartilage Nat Mater 
2007;6:162-167. 
Moutos, F.T.; Guilak, F. Composite scaffolds for cartilage tissue engineering  
J. Biorheol. 2008, 45, 501–512. 
Mow VC, Lai WM. Some surface characteristics of articular cartilage. A 
scanning electron microscopy study and a theoretical model for the dynamic 
interaction of synovial fluid and articular cartilage J Biomech 1974;7(5):449-
456 
Murray, P. and D. Edgar, The topographical regulation of embryonic stem cell 
differentiation. Philosophical transactions of the Royal Society of London. 
Series B, Biological sciences, 2004. 359(1446): p. 1009-20. 
Nakamura I, Okawa A, Ikegawa S,  Genomic organization, mapping, and 
121 
 
polymorphisms of the gene encoding human cartilage intermediate layer 
protein (CILP). J. Hum. Genet. 1986 44 (3): 203–5 
Nap RJ, Szleifer I. Structure and interactions of aggrecans: statistical 
thermodynamic approach. Biophys. J. 2008. 95:4570–83 
Nejadnik H, Hui JH, Feng Choong EP, Tai BC, Lee EH. Autologous bone 
marrow-derived mesenchymal stem cells versus autologous chondrocyte 
implantation: an observational cohort study. Am J Sports Med. 2010;38:1110–
1116. 
Nerurkar NL, Sen S, Huang AH, Elliott DM, Mauck RL. Engineered disc-like 
angle-ply structures for intervertebral disc replacement. Spine. 
2010;35(8):867-73. 
Nesti LJ, Li WJ, Shanti RM, Jiang YJ, Jackson W, Freedman BA, Kuklo TR, 
Giuliani JR, Tuan RS. Intervertebral disc tissue engineering using a novel 
hyaluronic acid-nanofibrous scaffold (HANFS) amalgam. Tissue Eng Part A 
2008;14:1527-37. 
Ng KW, Wang CCB, Mauck RL, Kelly TAN, Chahine NO, Costa KD,. A layered 
agarose approach to fabricate depth-dependent inhomogeneity in 
chondrocyte-seeded constructs. J Orthop Res 2005;23:134-141. 
Ng, K.W., G.A. Ateshian, and C.T. Hung, Zonal chondrocytes seeded in a 
layered agarose hydrogel create engineered cartilage with depth-dependent 
cellular and mechanical inhomogeneity. Tissue Eng Part A, 2009. 15(9): p. 
2315-24 
Nguyen KT, Shukla KP, Moctezuma M, Tang L. Cellular and molecular 
responses of smooth muscle cells to surface nanotopography. J Nanosci 
Nanotechnol. 2007;7(8):2823-32 
Nguyen LH, Kudva AK, Guckert NL, Linse KD, Roy K. Unique biomaterial 
compositions direct bone marrow stem cells into specific chondrocytic 
phenotypes corresponding to the various zones of articular cartilage. 
Biomaterials. 2011;32(5):1327-38. 
Nie ZH, Kumacheva E. Patterning surfaces with functional polymers. Nature 
Materials 2008;7:277-290. 
Nii M, Lai JH, Keeney M, Han LH, Behn A, Imanbayev G, Yang F. The effects 
of interactive mechanical and biochemical niche signaling on osteogenic 
differentiation of adipose-derived stem cells using combinatorial hydrogels. 
Acta Biomater. 2013;9(3):5475-83. 
Norman J, Desai T. Methods for fabrication of nanoscale topography for 




Nugent GE, Aneloski NM, Schmidt TA, Schumacher BL, Voegtline MS, Sah 
RL.Dynamic shear stimulation of bovine cartilage biosynthesis of proteoglycan 
4. Arthritis Rheum. 2006 Jun;54(6):1888-96. 
Opolka A, Ratzinger S, Schubert T, Spiegel H-U, Grifka J, Bruckner P, et al. 
Collagen IX is indispensable for timely maturation of cartilage during fracture 
repair in mice. Matrix Biol 2007;26:85-95. 
Owen RJT, Jackson R, LooseHW, Lees TA, Dunlop P, Rose JDG. 
Percutaneous ablation of an internal iliac aneurysm using tissue adhesive. 
Cardiovasc Intervent Radiol 2000;23:389–391. 
Owen, M. & Friedenstein, A. J. Stromal stem cells: marrow-derived osteogenic 
precursors. Ciba Found. Symp. 1988 136, 42-60. 
P. D. Benya, J. D. Shaffer, Dedifferentiated chondrocytes reexpress the 
differentiated collagen phenotype when cultured in agarose gels Cell 1982, 30, 
215.  
Pan Y, Xiong D, Gao F. Viscoelastic behavior of nano-hydroxyapatite 
reinforced poly(vinyl alcohol) gel biocomposites as an articular cartilage. J 
Mater Sci Mater Med 2008;19:1963-9. 
Park JS, Chu JS, Tsou AD, Diop R, Tang Z, Wang A, Li S  The effect of 
matrix stiffness on the differentiation of mesenchymal stem cells in response 
to TGF-β  Biomaterials 2011;32:3921-30. 
Park JS, Chu JS, Tsou AD, Diop R, Tang Z, Wang A, Li S. The effect of 
matrix stiffness on the differentiation of mesenchymal stem cells in response 
to TGF-β. Biomaterials. 2011 Jun;32(16):3921-30. 
Park JS, Park K, Woo DG, Yang HN, Chung HM, and Park KH. PLGA 
microsphere construct coated with TGF-beta 3 loaded nanoparticles for 
neocartilage formation. Biomacromolecules  2008 9, 2162.  
Park KM, Lee SY, Joung YK, Na JS, Lee MC, Park KD ,Thermosensitive 
chitosan-Pluronic hydrogel as an injectable cell delivery carrier for cartilage 
regeneration. Acta Biomater, 2009. 5(6): 1956-65. 
Parkkinen, J. J., Ikonen, J., Lammi, M. J., Laakkonen, J., Tammi, M., & 
Helminen, H. J. Effects of cyclic hydrostatic pressure on proteoglycan 
synthesis in cultured chondrocytes and articular cartilage explants. Archives 
of Bio-chemistry and Biophysics, 1993 300, 458–465. 
Pease RF. Semiconductor technology - Imprints offer moore. Nature 
2002;417:802-803. 
Pelttari K, Steck E, Richter W. The use of mesenchymal stem cells for 
chondrogenesis.Injury 39 2008, Suppl 1:S58-65. Review 
Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, et al. Premature 
induction of hypertrophy during in vitro chondrogenesis of human 
123 
 
mesenchymal stem cells correlates with calcification and vascular invasion 
after ectopic transplantation in SCID mice.Arthritis Rheum 2006;54:3254-66. 
Peretti GM, Xu JW, Bonassar LJ, Kirchhoff CH, Yaremchuk MJ, Randolph MA, 
Review of injectable cartilage engineering using fibrin gel in mice and swine 
models. Tissue Eng, 2006. 12(5): p. 1151-68. 
Petersen JP, Ueblacker P, Goepfert C, Adamietz P, Baumbach K, Stork A, 
Rueger JM, Poertner R, Amling M, Meenen NM, Long term results after 
implantation of tissue engineered cartilage for the treatment of osteochondral 
lesions in a minipig model. J Mater Sci Mater Med, 2008. 19(5): 2029-38. 
Peterson L, Brittberg M, Kiviranta I et al. ; Autologous chondrocyte 
transplantation. Biomechanics and long-term durability. Am J Sports Med 
2002, 30(1): 2–12. 
Peterson L, Vasiliadis HS, Brittberg M, Lindahl A. Autologous chondrocyte 
implantation: a long-term follow-up. Am J Sports Med. 2010;38:1117-24.  
Phenotypic variations in chondrocyte subpopulations and their response to in 
vitro culture and external stimuli. Ann Biomed Eng. 2010 Nov;38(11):3371-88. 
Poole AR, Kojima T, Yasuda T, Mwale F, Kobayashi M, Laverty S composition 
and structure of articular cartilage: a template for tissue repair, Clin orthop 
relat res 2001 391 Suppl : S26-33 
Prabhakaran, M.P., J.R. Venugopal, and S. Ramakrishna, Mesenchymal stem 
cell differentiation to neuronal cells on electrospun nanofibrous substrates for 
nerve tissue engineering. Biomaterials, 2009. 30(28): p. 4996-5003. 
Pratt, Rebecca. Supporting Tissue: Cartilage . AnatomyOne. Amirsys, Inc. 
2001, Oct. 26.(Book) 
Puetzer JL, Petitte JN, Loboa EG. Comparative review of growth factors for 
induction of three-dimensional in vitro chondrogenesis in human 
mesenchymal stem cells isolated from bone marrow and adipose tissue. 
Tissue Eng Part B-Reviews 2010;16:435-444. 
Qiao Y, Liu L, Chen X. Pressurized liquid in nanopores: A modified Laplace-
Young equation. Nano Lett 2009;9:984-988 
Raghothaman D, Leong MF, Lim TC, Toh JKC, Wan ACA, Yang Z, Lee EH. 
Engineering cell matrix interactions in assembled polyelectrolyte fiber 
hydrogels for mesenchymal stem cell chondrogenesis  Biomaterials 2013 (in 
Press) 
Raghunath J, Rollo J, Sales KM, Butler PE, Seifalian AM. Biomaterials and 
scaffold design: Key to tissue-engineering cartilage. Biotechnol Appl Biochem 
2007;46:73–84. 
Ramage L, Nuki G, Salter DM. Signalling cascades in mechanotransduction: 




Re'em, T., Kaminer-Israeli, Y., Ruvinov, E., and Cohen, S. Chondrogenesis of 
hMSC in affinity-bound TGF-beta scaffolds. Biomaterials 2011 33, 751,.  
Rieppo J, Hyttinen MM, Halmesmaki E, Ruotsalainen H, Vasara A, Kiviranta I, 
Jurvelin JS, Helminen HJ. Changes in spatial collagen content and collagen 
network architecture in porcine articular cartilage during growth and 
maturation. Osteoarthritis Cartilage. 2009;17(4):448-55 
Rönn K, Reischl N, Gautier E, Jacobi M Current surgical treatment of knee 
osteoarthritis. Arthritis 2011: 454873. 
Rowlands AS, George PA, Cooper-White JJ. Directing osteogenic and 
myogenic differentiation of MSCs: interplay of stiffness and adhesive ligand 
presentation. Am J Physiol-Cell Ph 2008;295:C1037-44. 
Saba Ghassemi, Giovanni Meacci, Shuaimin Liu, Alexander A. Gondarenko, 
Anurag Mathur Pere Roca-Cusachsc, Michael P. Sheetz, and James Hone; 
Cells test substrate rigidity by local contractions on submicrometer pillars; 
PNAS 2012, 109, 14, 2328 
Sakiyama-Elbert SE, Hubbell JA. Functional biomaterials: Design of novel 
biomaterials. Ann Rev Mater Res 2001;31:183–201. 
Sambit Sahoo, Siew Lok Toh, James Cho Hong, PLGA nanofiber-coated silk 
microfibrous scaffold for connective tissue engineering, JBMR Part B Applied 
Biomaterials, 2010 ;95(1):19-28. 
Schmidt MB, Mow VC, Chun LE, Eyre DR of enzymatic extraction of 
proteoglycans on the tensile properties of articular cartilage. Trans Orthop 
Res Soc 1986;11:450. 
Schmidt TA, Schumacher BL, Klein TJ Synthesis of proteoglycan 4 by 
chondrocyte subpopulations in cartilage explants, monolayer cultures, and 
resurfaced cartilage cultures Arthritis Rheum 2004 50(9): 2849–2857. 
Schuh E, Kramer J, Rohwedel J, Notbohm H, Müller R, Gutsmann T, Rotter N, 
Effect of matrix elasticity on the maintenance of the chondrogenic phenotype, 
Tissue engineering A ,  2010 Apr;16(4):1281-90 
Sechriest, V.; Miao, Y.; Niyibizi, C.; Westerhausen-Larson, A.; Matthew, H.; 
Evans, C.H.;Fu, F.H.; Suh, J.K. GAG-augmented polysaccharide hydrogel: A 
novel biocompatible and biodegradable material to support chondrogenesis. J. 
Biomed. Mater. Res. 2000, 49, 534–541. 
Seras-Franzoso J, Tsimbouri PM, Burgess KV, Unzueta U, Garcia-Fruitos E, 
Vazquez E, Villaverde A, Dalby MJ. Topographically targeted osteogenesis of 
mesenchymal stem cells stimulated by inclusion bodies attached to 
polycaprolactone surfaces. Nanomedicine (Lond). 2013 Apr 30.  
125 
 
Shafiee A, Soleimani M, Chamheidari GA et al. Electrospun nanofiber-based 
regeneration of cartilage enhanced by mesenchymal stem cells. Biomed. 
Mater. Res. 2011 A99(3), 467–478. 
Shakibaei, M., C. Csaki, and A. Mobasheri, Diverse roles of integrin receptors 
in articular cartilage. Adv Anat Embryol Cell Biol, 2008; 197:1-60.  
Shanmugasundaram S, Chaudhry H, Arinzeh TL. Microscale versus 
nanoscale scaffold architecture for mesenchymal stem cell chondrogenesis. 
Tissue Eng Part A. 2011 Mar;17(5-6):831-40. 
Sharma B, Elisseeff J. Response of zonal chondrocytes to extrac- ellular 
matrix- hydrogels. FEBS Lett 2007;581:4172–4178. 23. 
Sharma B, Williams CG, Khan M, Manson P, Elisseeff JH., In vivo 
chondrogenesis of mesenchymal stem cells in a photopolymerized hydrogel. 
Plast Reconstr Surg, 2007. 119(1):  112-20. 
Sharma, B. and J.H. Elisseeff, Engineering structurally organized cartilage 
and bone tissues. Ann Biomed Eng, 2004. 32(1): p. 148-59. 
Shieh, A. C., & Athanasiou, K. A. Principles of cell mechanics for cartilage 
tissue engineering. Annals of Biomedical Engineering, 2001, 31, 1–11. 
Shim IK, Suh WH, Lee SY, Lee SH, Heo SJ, Lee MC, Lee SJ. Chitosan nano-
/microfibrous double-layered membrane with rolled-up three-dimensional 
structures for chondrocyte cultivation. J Biomed Mater Res A. 2009;90(2):595-
602. 
Silva SS, Motta A, Rodrigues MT, Pinheiro AF, Gomes ME, Mano JF, Reis RL, 
Migliaresi C, Novel genipin-cross-linked chitosan/silk fibroin sponges for 
cartilage engineering strategies. Biomacromolecules, 2008. 9(10): p. 2764-74. 
Silver, F.H., G. Bradica, and A. Tria, Relationship among biomechanical, 
biochemical, and cellular changes associated with osteoarthritis. Crit Rev 
Biomed Eng, 2001; 29(4): 373-91. 
Simmons, C. A., Matlis, S., Thornton, A. J., Chen, S., Wang, C. Y., & Mooney, 
D. J. Cyclic strain enhances matrix mineralization by adult human 
mesenchymal stem cells via the extracellular signal-regulated kinase (ERK1/2) 
signaling path-way. Journal of Biomechanics, 2003 36, 1087–1096. 
Steck E, Fischer J, Lorenz H, Gotterbarm T, Jung M, Richter W. Mesenchymal 
stem cell differentiation in an experimental cartilage defect: restriction of 
hypertrophy to bone-close neocartilage. Stem Cells Dev. 2009 ;18(7):969-78. 
Steinert AF, Nöth U, Tuan RS. Concepts in gene therapy for cartilage repair. 
Injury 2008;39:S97-113. (Review) 




Stolz M, Raiteri R, Daniels AU, VanLandingham MR, Baschong W, Aebi U. 
Dynamic elastic modulus of porcine articular cartilage determined at two 
different levels of tissue organization by indentation-type atomic force 
microscopy. Biophys J. 2004; 86(5):3269-83. 
Suciati T, Howard D, Barry J, Everitt NM, Shakesheff KM, Rose FRAJ. Zonal 
release of proteins within tissue engineering scaffolds. J Mater Sci Mater Med 
2006;17:1049-1056. 
Sun H, Mei L, Song C, Cui X, Wang P. The in vivo degradation, absorption 
and excretion of PCL-based implant. Biomaterials 2006; 27:1735–1740 
Sundelacruz S, Kaplan DL. Stem cell- and scaffold-based tissue engineering 
approaches to osteochondral regenerative medicine. Semin Cell Dev Biol. 
2009 Aug;20(6):646-55 
Takahashi I, Nuckolls GH, Takahashi K, Tanaka O, Semba I, Dashner R, 
Shum L, Slavkin HC. Compressive force promotes sox9, type II collagen and 
aggrecan and inhibits IL-1beta expression resulting in chondrogenesis in 
mouse embryonic limb bud mesenchymal cells, J Cell Sci 1998;111:2067-
2076. 
Tan, J. and W.M. Saltzman, Topographical control of human neutrophil motility 
on micropatterned materials with various surface chemistry. Biomaterials, 
2002. 23(15): p. 3215-25. 
Teixeira, A.I., et al., Epithelial contact guidance on well-defined micro- and 
nanostructured substrates. Journal of cell science, 2003. 116(Pt 10): p. 1881-
92. 
Teo BK, Ankam S, Chan LY, Yim EK. Nanotopography/mechanical induction of 
stem-cell differentiation. Methods Cell Biol. 2010;98:241-94.  
Toh WS, Lim TC, Kurisawa M, Spector M. Modulation of mesenchymal stem 
cell chondrogenesis in a tunable hyaluronic acid hydrogel microenvironment. 
Biomaterials. 2012;33(15):3835-45. 
Treilleux I, Mallein-Gerin F, le Guellec D, Herbage D. Localization of the 
expression of type I, II, III collagen, and aggrecan core protein genes in 
developing human articular cartilage  Matrix. 1992;12(3):221-32.  
Uttayarat, P., et al., Topographic guidance of endothelial cells on silicone 
surfaces with micro- to nanogrooves: orientation of actin filaments and focal 
adhesions. Journal of biomedical materials research. Part A, 2005. 75(3): p. 
668-80. 
van Osch G, Brittberg M, Dennis JE, Bastiaansen-Jenniskens YM, Erben RG, 
Konttinen YT, et al. Cartilage repair: past and future - lessons for regenerative 
medicine. J Cell Mol Med 2009;13:792-810. 
Varghese S, Hwang NS, Canver AC, Theprungsirikul P, Lin DW, Elisseeff J. 
Chondroitin sulfate based niches for chondrogenic differentiation of 
127 
 
mesenchymal stem cells. Matrix Biol 2008 27(1):12-21. 
Vinatier C, Mrugala D, Jorgensen C, Guicheux J, Noël D. Cartilage 
engineering: a crucial combination of cells, biomaterials and biofactors.Trends 
Biotechnol 2009 May;27(5):307-14.  
Vinatier C, Gauthier O, Fatimi A, Merceron C, Masson M, Moreau A, Moreau F, 
Fellah B, Weiss P, Guicheux J, An injectable cellulose-based hydrogel for the 
transfer of autologous nasal chondrocytes in articular cartilage defects. 
Biotechnol Bioeng, 2009. 102(4): 1259-67 
von der Mark K, Park J, Bauer S, Schmuki P. Nanoscale engineering of 
biomimetic surfaces: cues from the extracellular matrix. Cell Tissue Res 
2010;339:131-53. 
Vonwil D, Schuler M, Barbero A, Ströbel S, Wendt D, Textor M, Aebi U, Martin 
I. An RGD-restricted substrate interface is sufficient for the adhesion, growth 
and cartilage forming capacity of human chondrocytes. Eur Cell Mater, 2010; 
20: 316-28. 
Wakitani S, Goto T, Pineda SJ, Young RG, Mansour JM, Caplan AI, Goldberg 
VM. Mesenchymal cell-based repair of large, full-thickness defects of articular 
cartilage  J Bone Joint Surg Am 1994 76(4):579-92.  
Wakitani S, Mitsuoka T, Nakamura N, Toritsuka Y, Nakamura Y, Horibe S. 
Autologous bone marrow stromal cell transplantation for repair of full-
thickness articular cartilage defects in human patellae: two case reports.Cell 
Transplant 2004 13(5):595-600. 
Wakitani S, Nawata M, Tensho K, Okabe T, Machida H, Ohgushi H. Repair of 
articular cartilage defects in the patello-femoral joint with autologous bone 
marrow mesenchymal cell transplantation: three case reports involving nine 
defects in five knees.J Tissue Eng Regen Med 2007 1(1):74-9.  
Waldman, S. D., Spiteri, C. G., Grynpas, M. D., Pilliar, R. M., & Kandel, R. A. 
Long-term intermittent shear deformation improves the quality of cartilaginous 
tissue formed in vitro. Journal of Orthopaedic Research,  2003, 21, 590–596. 
Wan LQ, Jiang J, Miller DE, Guo XE, Mow VC, Lu HH. Matrix deposition 
modulates the viscoelastic shear properties of hydrogel- based cartilage grafts. 
Tissue Eng Part A 2011;17:1111-1122. 
Wang LS, Boulaire J, Chan PPY, Chung JE, Kurisawa M. The role of stiffness 
of gelatin-hydroxyphenylpropionic acid hydrogels formed by enzyme-mediated 
crosslinking on the differentiation of human mesenchymal stem cell 
Biomaterials 2010;31:8608-16.  
Wang Y, Bian YZ, Wu Q, Chen GQ., Evaluation of three-dimensional scaffolds 
prepared from poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) for growth of 
allogeneic chondrocytes for cartilage repair in rabbits. Biomaterials, 2008. 
29(19):  2858-68 
128 
 
Wang, Z.Y.,., Biomimetic three-dimensional anisotropic geometries by uniaxial 
stretch of poly(epsilon-caprolactone) films for mesenchymal stem cell 
proliferation, alignment, and myogenic differentiation. Tissue engineering. Part 
C, Methods, 2013. 19(7): p. 538-49. 
Weiss, M. L. Human umbilical cord matrix stem cells: preliminary 
characterization and effect of transplantation in a rodent model of 
Parkinson¡¯s disease. Stem Cells 2006 24, 781-792 
Werner Miiller-Glauser, Bruno Humbel, Markus Glatt, Peter Str/iuli, Kaspar H. 
Winterhalter, and Peter Bruckner; On the Role of Type IX Collagen in the 
Extracellular Matrix of Cartilage: Type IX Collagen Is Localized to 
Intersections of Collagen Fibrils; The Journal of Cell Biology, 1986 102, 1931-
1939 
Wescoe KE, Schugar RC, Chu CR, Deasy BM. The role of the biochemical 
and biophysical environment inchondrogenic stem cell differentiation assays 
and cartilage tissue engineering Cell Biochem Biophys. 2008;52(2):85-102 
Wise JK, Yarin AL, Megaridis CM, Cho M. Chondrogenic differentiation of 
human mesenchymal stem cells on oriented nanofibrous scaffolds: 
engineering the superficial zone of articular cartilage. Tissue Eng Part A. 2009 
Apr;15(4):913-21. 
Wood JA, Ly I, Borjesson DL, Nealey PF, Russell P, Murphy CJ. The 
modulation of canine mesenchymal stem cells by nano-topographic cues; Exp 
Cell Res 2012; 318: 2438e-5. 
Woods A, Wang G, Beier F. Regulation of chondrocyte differentiation by the 
actin cytoskeleton and adhesive interactions. J Cell Physiol 2007;213:1-8. 
Woods VL Jr, Schreck PJ, Gesink DS et al. Integrin expression by human 
articular chondrocytes Arthritis Rheum 1994; 37(4): 537–544. 
Wu YN, Yang Z, Hui JH, Ouyang HW, Lee EH. Cartilaginous ECM 
component-modification of the micro-bead culture system for chondrogenic 
differentiation of mesenchymal stem cells.Biomaterials 2007 28(28):4056-67. 
Xie J, Han Z, Naito M, Maeyama A, Kim SH, Kim YH, Matsuda T. 
Articular cartilage tissue engineering based on a mechano-active scaffold 
made of poly(L-lactide-co-epsilon-caprolactone): In vivo performance in adult 
rabbits. J Biomed Mater Res B ApplBiomater. 2010 Jul;94(1):80-8. 
Xu T, Binder KW, Albanna MZ et al. Hybrid printing of mechanically and 
biologically improved constructs for cartilage tissue engineering applications. 
Biofabrication 2013 5(1), 015001  
Xue, D.; Zheng, Q.; Zong, C.; Li, Q.; Li, H.; Qian, S.; Zhang, B.; Yu, L.; Pan, Z. 
Osteochondral repair using porous  poly(lactide-co-glycolide) /nano-
hydroxyapatite hybrid scaffolds with undifferentiated mesenchymal stem cells 
in a rat model. J. Biomed. Mater. Res. A 2010, 94, 259–270. 
129 
 
Yang Y, Leong KW. Nanoscale surfacing for regenerative medicine. Wiley 
Interdiscip Rev Nanomed Nanobiotechnol. 2010 Sep-Oct;2(5):478-95.  
Yang Z, Hui HP and Lee EH. Cartilage repair with stem cells. In Stem Cells: 
From Bench to Bedside, 2 ed., 477-502. Singapore: World Scientific 
Publications, 2010. 
Yang Z, Wu Y, Li C, Zhang T, Zou Y, Hui JH, Ge Z, Lee EH. Improved 
mesenchymal stem cells attachment and in vitrocartilage tissue formation on 
chitosan-modified poly(L-lactide-co-epsilon-caprolactone) scaffold. Tissue Eng 
Part A. 2012 Feb;18(3-4):242-51. 
Yasuhara R, Ohta Y, Yuasa T Roles of beta-catenin signaling in phenotypic 
expression and proliferation of articular cartilage superficial zone cells. Lab 
Invest 2011;91(12): 1739–1752 
Yim EK, Darling EM, Kulangara K, Guilak F, Leong KW. Nanotopography-
induced changes in focal adhesions, cytoskeletal organization, and 
mechanical properties of human mesenchymal stem cells. Biomaterials. 2010 
Feb;31(6):1299-306 
Yim, E.K., S.W. Pang, and K.W. Leong Nanotopography-induced changes in 
focal adhesions, cytoskeletal organization, and mechanical properties of 
human mesenchymal stem cells. Biomaterials, 2010. 31(6): p. 1299-306. 
Yim, E.K.F., S.W. Pang, and K.W. Leong, Synthetic nanostructures inducing 
differentiation of human mesenchymal stem cells into neuronal lineage. 
Experimental cell research, 2007. 313(9): p. 1820-1829. 
Yoon, D.M., Addition of hyaluronic acid to alginate embedded chondrocytes 
interferes with insulin-like growth factor-1 signaling in vitro and in vivo. Tissue 
Eng Part A, 2009. 15(11): p. 3449-59. 
Z.G. Tang, R.A. Black, J.M. Curran, J.A. Hunt, N.P. Rhodes, D.F. Williams, 
Surface properties and biocompatibility of solvent-cast poly[e-caprolactone] 
films, Biomaterials 2004 25 4741–4748 
Zanetti M, Ratcliffe A, Watt FM. Two subpopulations of differentiated 
chondrocytes identified with a monoclonal antibody to keratan sulfate. J Cell 
Biol 1985; 101(1): 53–59. 
Zeltinger J, Sherwood JK, Graham DA, Müeller R, Griffith LG., Effect of pore 
size and void fraction on cellular adhesion, proliferation, and matrix deposition. 
Tissue Eng, 2001. 7(5):  557-72. 
Zhang C, Sangaj N, HwangY, Phadke A, Chang CW, Varghese S. 
Oligo(trimethylene carbonate)-poly(ethylene glycol)-oligo(trimethylene 
carbonate) triblock-based hydrogels for cartilage tissue engineering. Acta 
Biomaterials 2011;7:3362-3369. 
Zscharnack M, Hepp P, Richter R, Aigner T, Schulz R, Somerson J, Josten C, 
Bader A, Marquass B. Repair of chronic osteochondral defects using 
130 
 
predifferentiated mesenchymal stem cells in an ovine model. Am J Sports 
Med. 2010;38(9):1857-69. 
 
